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ABSTRACT!
!
Sponges! (phylum! Porifera)! are! sessile,! filterbfeeding! animals! that! are! found! in!
both!marine!and!freshwater!environments.!They!are!known!to!be!associated!with!highly!
diverse!and!stable!microbial!communities.!The!first!component!of!this!thesis!presents!a!
study!on!the!diversity!of!the!microbial!communities!associated!with!freshwater!sponges!
collected!from!Lake!Baikal,!Baikalospongia+intermedia+profundalis!(BIP)!and!Lubomirskia+
baicalensis+ (LB).! Based! on! previous! studies,! microbial! communities! associated! with!
freshwater!sponges!are!not!as!diverse!as!those!from!marine!sponges.!However,!one!of!
the!potential!reasons!for!this!observation!is!the!limitation!posed!by!conventional!cloning!
and!sequencing!methods!used!in!previous!studies!on!freshwater!sponges.!To!gain!better!
insight!into!the!diversity!of!the!microbiome!in!freshwater!sponges,!we!performed!highb
throughput!sequencing!of!PCRbamplified!16S!rRNA!genes!and!of!metagenome!without!
prior! amplification! in! two! sponge! species! BIP! and! LB.! Using! techniques! that! involve!
greater!sequencing!coverage,!we!can!observe!that!freshwater!sponge!microbiomes!can!
be! as! diverse! as! marine! sponge! microbiomes.! The! microbial! communities! of! the!
freshwater!sponges!were!also!compared!using!diversity!indices!and!it!was!observed!that!
the! host! sponge! and! collection! depth! can! both! influence! the! diversity! of! microbial!
associations!in!Lake!Baikal!sponges.!
The!availability!and!ease!of!access!to!costbeffective!deep!sequencing!techniques!
yielded!an! increase! in! the!number!of! completely! sequenced!genomes!of!organisms! in!
three!domains!of!life!Archaea,!Bacteria,!and!Eukarya.!This!increase!in!publicly!available!
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datasets!led!to!an!improved!understanding!on!the!general!properties!of!proteins!as!well!
as!their!length!distributions.!The!second!component!of!this!thesis!presents!a!review!of!
studies!on!protein! length!distribution!and!the!observed!differences! in!average!protein!
length!across!all!three!domains!of!life.!The!review!also!discusses!proposed!explanations!
for!why!organisms!maintain!their!protein!size!and!presents!some!examples!of!proteins!
that! defy! constraints! on! protein! size! from! literature! and! from! genomes! of! sponges!
Amphimedon+queenslandica,!Oscarella+carmela,!and!Baikalospongia+intermedia.!
!
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CHAPTER(1(
GENERAL(INTRODUCTION(
(
Sponges((phylum(Porifera)(are(sessile,(filterEfeeding(animals(that(can(be(found(in(
both(marine(and(freshwater(environments((Bergquist,(1978,(Penney,(1986).(They(harbor(
numerous(microorganisms(that(can(range(from(archaea(and(bacteria(to(fungi,(diatoms,(
dinoflagellates,( and( viruses( ( (Taylor( et( al.,( 2007).( The( first( component( of( this( thesis(
presents( a( study( on( the( diversity( of( the( microbial( communities( associated( with(
freshwater( sponges( collected( from( Lake(Baikal,(Baikalospongia+ intermedia+ profundalis(
and(Lubomirskia+baicalensis.(
The(availability(and(ease(of(access(to(costEeffective(deep(sequencing(techniques(
yielded(an(increase(in(the(number(of(completely(sequenced(genomes(of(organisms(in(all(
three( domains( of( life.( This( increase( in( publicly( available( datasets( led( to( an( improved(
understanding(on(the(general(properties(of(proteins(as(well(as(their(length(distributions.(
The( second( component( of( this( thesis( presents( a( review( of( studies( on( protein( length(
distribution( and( the( observed( differences( in( average( protein( length( across( all( three(
domains( of( life.( The( review( also( discusses( proposed( explanations( for( why( organisms(
maintain( their( protein( size( and( presents( some( examples( of( proteins( that( defy(
constraints(on(protein(size(from(literature(and(from(genomes(of(sponges(Amphimedon+
queenslandica,(Oscarella+carmela,(and(Baikalospongia+intermedia.(
(
(
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Thesis!Organization!
This! thesis! contains! a! general! introduction! that! gives! an! overview! of! the! two!
studies! (Chapter! 1),! a! study! on! the! diversity! of!microbial! communities! in! Lake! Baikal!
sponges! (Chapter! 2),! a! review! of! studies! on! protein! size! and! unusually! large! proteins!!
(Chapter! 3),! and! a! general! conclusion! that! summarizes! the! findings! and!
recommendations! (Chapter! 4).! Chapter! 2! presents! a! perspective! on! the! diversity! of!
microbiomes!in!freshwater!sponges!via!highbthroughput!sequencing!of!metagenomes!of!
Baikalospongia+ intermedia+ profundalis! and! Lubomirskia+ baicalensis.! Chapter! 3! is! a!
review! of! studies! on! protein! length! in! Archaea,! Bacteria,! and! Eukarya,! and! presents!
some!examples!of!unusually! large!proteins! from!sponges!Amphimedon+queenslandica,!
Oscarella+carmela,!and!Baikalospongia+intermedia.!
!
Overview!1.!Microbial!community!diversity!in!freshwater!sponges!from!Lake!Baikal!
Sponges! form! close! associations! with! microbial! communities! that! are! highly!
diverse! and! stable! (Hentschel! et! al.,! 2002,! Taylor! et! al.,! 2007).! In!marine! sponges,! at!
least! 28! bacterial! phyla! have! been! isolated! (Hentschel! et! al.,! 2012).! However,!
information!about!microorganisms!associated!with!sponges!in!freshwater!environments!
is! limited.! Previous! studies! on! freshwater! sponges! Spongilla+ lacustris,! Lubomirskia+
baicalensis,! Ephydatia+ fluviatilis,! and!Baikalospongia+ intermedia! reported! 14! bacterial!
phyla!(Gernert!et!al.,!2005,!Kaluzhnaya!et!al.,!2012,!Costa!et!al.,!2013,!Kaluzhnaya!and!
Itskovich,! 2014),! of!which! the! abundant! isolates! belong! to! groups! Actinobacteria! and!
Proteobacteria.!Based!on!these!studies,!it!is!presumed!that!freshwater!sponges!host!less!
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diverse!microbial!communities.!One!of!the!potential!reasons!for!this!observation!is!the!
limitations!posed!by!conventional!methods!(i.e.!denaturing!gradient!gel!electrophoresis,!
restriction! fragment! length! polymorphism,! 16S! rRNA! gene! amplification,! cloning,! and!
sequencing)!used!in!previous!studies!on!freshwater!sponges.!The!use!of!high!throughput!
sequencing!can!reveal!a!better!perspective!of!the!diversity!and!test!the!previous!notion!
of!paucity!of!associated!microorganisms!in!freshwater!sponges.!!
To!gain!better!insight!into!the!diversity!of!the!microbiome!in!freshwater!sponges,!
we! performed! highbthroughput! sequencing! of! PCRbamplified! 16S! rRNA! genes! and! of!
metagenome! without! prior! amplification! in! two! sponge! species! collected! from! Lake!
Baikal:! Baikalospongia+ intermedia+ profundalis! and! Lubomirskia+ baicalensis.! Deep!
sequencing! of! amplified! 16S! rRNA! genes! in! these! two! Lake! Baikal! sponges! generated!
numerous!OTUs!that!can!be!classified!into!several!archaeal!and!bacterial!phyla,!showing!
that! freshwater! sponges! also! harbor! highly! diverse! microbial! communities.! PCRb
dependent! and! PCRbfree! deep! sequencing! of! Baikalospongia+ intermedia+ profundalis+
metagenome! were! performed! and! comparison! of! analyzed! microbial! communities!
showed!that!rare!taxa!can!be!detected!with!PCR!amplification!of! the!16S!rRNA!genes.!
The! microbial! communities! of! the! freshwater! sponges! were! also! compared! using!
diversity!indices!and!it!was!observed!that!the!host!sponge!and!collection!depth!can!both!
influence!the!diversity!of!microbial!associations!in!Lake!Baikal!sponges.!!
!
!
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Overview! 2.! Protein! size! in! three! domains! of! life! and! examples! of! unusually! large!
proteins!in!Porifera:!A!review!
Several!studies!established!that!mean!protein!length!is!conserved!in!each!three!
domains!of! life! and! that,! on!average,! eukaryotic!proteins! are! significantly! longer! than!
bacterial! proteins,! while! in! turn,! bacterial! proteins! are! longer! than! archaeal! proteins!
(Zhang!2000,!Tekaia!et!al.,!2002,!Brocchieri!and!Karlin!2005,!Xu!et!al.,!2006,!Tiessen!et!
al.,! 2012).! Various! hypotheses! have! been! suggested! to! explain! the! conservation! and!
differences!in!protein!length!across!three!domains.!A!few!of!the!proposed!mechanisms!
that! explain! the! maintenance! of! protein! length! involve! the! biosynthetic! cost!
minimization,! the! protein’s! structure! and! functional! roles,! and! evolutionary! rate.! The!
biosynthetic!cost!minimization!hypothesis!describes!the!strategy!of!organisms!to!reduce!
the! cost! of! synthesis! and! maintenance! of! nucleic! acids! and! proteins,! as! well! as!
increasing! the! efficiency! of! reproduction! or! cell! division.! As! per! this! hypothesis,!
organisms!would!more! likely! employ! strategies! that! involve! gene! expression,! protein!
function!and!structures,!and!flexibility!to!amino!acid!changes!to!maintain!the!necessary!
lengths! of! proteins.! Biochemical! properties! of! proteins! such! as! amino! acid! utilization,!
codon!usage,!protein!stability!and!folding,!and!other!properties!like!isoelectric!point!and!
GC!content!are!also!influenced!by!protein!length!in!all!Archaea,!Bacteria,!and!Eukarya.!!
Despite! the! increased! cost! for! resources! and! various! selective! constraints! on!
protein! size,! large! proteins! are! expressed! and! maintained! in! numerous! organisms!
ranging!from!bacteria!to!multicellular!eukaryotes.!The!giant!protein!titin!or!connectin!is!
abundant! in! human! striated! muscles! (Wang! et! al.,! 1979,! Tskhovrebova! and! Trinick!
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2003).!Numerous!giant!genes!with!more!than!20!kilobases!can!also!be!found!in!several!
bacterial! and! archaeal! species! (Reva! and! Tummler! 2008).! Long! ORFs! can! be! also! be!
detected! in! genomes!of! sponges!Amphimedon+queenslandica,!Oscarella+ carmella,! and!
Baikalospongia+intermedia.!Some!of!the!LORFs!identified!in!sponges!showed!significant!
sequence!similarity!with!known!large!proteins!of!various!functional!roles.!In!addition,!a!
number!of!other!long!ORFs!detected!in!sponges!code!for!hypothetical!proteins!that!are!
unique! in! sponges! and! choanoflagellates.! In+ silico! characterization! was! done! to! gain!
insight! into! the!properties!and! function!of! the!putative! spongeb!and!choanoflagellateb
specific!large!proteins.!Alignment!with!sequence!databases,!motif!and!domain!searches,!
and!predictions!of!general!protein!properties!were!performed,!however,!understanding!
about!these!large!ORFs!are!still!limited.!A!more!extensive!computational!analysis!and!in+
vivo!assays!will!potentially!give!more!substantial!clues!as!to!the!biological!significance!of!
the!proteins,! though! it!will!be!a!challenge!due!to!their!unusually! large!sizes.!A! further!
study!on!these!large!genes!that!are!present!in!sponges!will!give!useful!insights!into!the!
metazoan!evolution!of! genes!and! their!protein!products.! The! study!of! lineagebspecific!
genes! itself!have!already!yielded! important!understanding!of! the!mechanisms!of!gene!
emergence.!It!is!generally!established!that!gene!evolution!is!driven!by!gene!duplication!
and! recombination! mechanisms! accompanied! with! changes! in! regulatory! elements.!
Through! studies! on! orphan! genes! in! various! organisms,! an! alternative!mechanism! of!
gene!evolution!called!de!novo!evolution!is!further!understood!(Tautz!and!DomazetbLošo,!
2011).!
!
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CHAPTER(2(
MICROBIAL(COMMUNITY(DIVERSITY(IN(FRESHWATER(SPONGES(FROM(LAKE(BAIKAL(
(
Abstract(
Sponges( are( known( to( be( associated( with( highly( diverse( and( stable( microbial(
communities.( Based( on( previous( studies,( microbial( communities( associated( with(
freshwater(sponges(are(not(as(diverse(as(those(from(marine(sponges.(However,(one(of(
the(potential(reasons(for(this(observation(is(the(limitation(posed(by(conventional(cloning(
and(sequencing(methods(used(in(previous(studies(on(freshwater(sponges.(To(gain(better(
insight(into(the(diversity(of(the(microbiome(in(freshwater(sponges,(we(performed(highR
throughput(sequencing(of(PCRRamplified(16S(rRNA(genes(and(of(metagenome(without(
prior( amplification( in( two( sponge( species( collected( from( Lake( Baikal:( Baikalospongia+
intermedia+profundalis( (BIP)(and(Lubomirskia+baicalensis( (LB).(The(detected(OTUs( in(B.+
intermedia+ profundalis+ are( affiliated( with( two( archaeal( phyla( and( 19( bacterial( phyla,(
while(the(detected(OTUs(in(L.+baicalensis(are(affiliated(with(one(archaeal(phylum(and(14(
bacterial( phyla.( Deep( sequencing( of( amplified( 16S( rRNA( genes( in( these( two( sponge(
species( detected( numerous( OTUs( (BIP1=269( OTUs,( BIP2=349( OTUs,( LB=249( OTUs)(
showing(that(freshwater(sponges(harbor(highly(diverse(microbial(communities.(For(both(
sponge( species,( majority( of( the( OTUs( belong( to( the( groups( Proteobacteria( and(
Bacteroidetes.( Deep( sequencing( of( the( total( genome( of( B.+ intermedia+ profundalis(
yielded(154(OTUs(that(belong(to(one(archaeal(phyla(and(8(bacterial(phyla.(Comparison(
of( the( PCRRdependent( and( PCRRfree( deep( sequencing( showed( that( one( of( the( factors(
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that! account! for! observed! high! diversity! in! freshwater! spongebassociated! microbial!
community!may!potentially!be!the!detection!of!rare!taxa!during!PCR!amplification!of!16S!
rRNA!genes.!The!microbial!communities!of!the!freshwater!sponges!were!also!compared!
using!diversity! indices!and! it!was!observed! that! the!host! sponge!and! collection!depth!
can!both!influence!the!diversity!of!microbial!associations!in!Lake!Baikal!sponges.!
!
Introduction!
Sponges!(phylum!Porifera)!are!sessile,!filterbfeeding!animals!that!can!be!found!in!
both! marine! and! freshwater! environments! (Bergquist,! 1978,! Penney,! 1986).! Their!
lifestyle! and! body! plan! enables! them! to! harbor! numerous! microorganisms.! These!
microorganisms! constitute! up! to! a! third! of! the! sponge! biomass! and! can! range! from!
associated!archaea!and!bacteria!to!fungi,!diatoms,!dinoflagellates,!and!viruses!(Taylor!et!
al.,!2007).!Of!the!current!49!bacterial!phyla,!at! least!28!phyla!have!been!isolated!from!
marine! sponges,! and! bacterial! groups! Proteobacteria,! Acidobacteria,! Actinobacteria,!
Chloroflexi,! Nitrospirae,! and! Poribacteria! are! the! more! abundant! phyla! among! the!
groups!(Hentschel!et!al.,!2012).!The!process!by!which!the!spongebmicrobe!partnerships!
originated!and!maintained!is!not!well!established,!but!some!of!the!possible!evolutionary!
scenarios! proposed! include! vertical! transmission,! environmental! acquisition,! or! a!
combination! of! both,! which! led! to! establishment! of! stable! and! specific! microbial!
communities! (Taylor! et! al.,! 2007).! Nevertheless,! the! interaction! between! the! host!
sponge! and! its! associated! microbial! community! presents! several! advantages! to! both!
partners.! Most! microorganisms! isolated! from! host! sponges! are! known! to! produce! a!
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wide! range! of! secondary! metabolites! that! are! useful! for! defense! and! as! source! of!
nutrients.! Among! such! microorganisms,! the! microbial! groups! Actinobacteria! and!
Ascomycota!are!known!as!the!dominant!producers!of!these!active!compounds!(Thomas!
et!al.,!2010).!Microorganisms!that!reside!in!the!host!can!also!produce!compounds!that!
provide! structural! support! and! help! in! processing! sponge! materials! such! as! collagen!
(Taylor!et!al.,!2007).!The!host!sponge! in!return!provides!shelter!and!food!supply!to! its!
microbial! symbionts.! On! the! other! hand,! some!microbes! can! also! cause! diseases! and!
death!in!sponges!(Webster,!2007).!
While!marine! sponges! are! known! to!host! diverse!microorganisms,! information!
about!microorganisms!associated!with! sponges! in! freshwater! environments! is! limited.!
Previous! studies! on! freshwater! sponges! Spongilla+ lacustris,! Lubomirskia+ baicalensis,!
Ephydatia+fluviatilis,+and+Baikalospongia+intermedia!report!a!total!of!14!bacterial!phyla!
that!were! isolated! from! these! sponges! (Gernert! et! al.,! 2005,! Kaluzhnaya! et! al.,! 2012,!
Costa! et! al.,! 2013,! Kaluzhnaya! and! Itskovich,! 2014),! of! which! the! abundant! isolates!
belong!to!groups!Actinobacteria!and!Proteobacteria.!A!study!on!the!diversity!of!bacteria!
isolated! from! the! freshwater! sponge! Spongilla+ lacustris+ reports! clone! sequences! that!
belong! to! only! three! bacterial! groups! Proteobacteria,! Actinobacteria,! and! Chloroflexi!
(Gernert! et! al.,! 2005).! A! previous! study! on! the! freshwater! sponge! Lubomirskia+
baicalensis+and!its!associated!microbiome!accounted!several!OTUs!that!can!be!grouped!
into!six!bacterial!phyla!Actinobacteria,!Proteobacteria,!Verrucomicrobia,!Bacteroidetes,!
Cyanobacteria,!and!Nitrospira!(Kaluzhnaya!et!al.,!2012).!A!study!on!another!freshwater!
sponge! Ephydatia+ fluviatilis! reports! eight! bacterial! phyla! (Proteobacteria,!
 
 
 
12 
Planctomycetes,! Actinobacteria,! Bacteroidetes,! Chlamydiae,! Verrucomicrobia,! TM7,!
BLUT)!that!were!isolated!from!the!samples!(Costa!et!al.,!2013).!A!previous!study!on!the!
diversity! of! microorganisms! associated! with! the! Lake! Baikal! sponge! Baikalospongia+
intermedia!(Kaluzhnaya!and!Itskovich,!2014)!detected!64!bacterial!OTUs!that!belong!to!
nine! bacterial! phyla! (Proteobacteria,! Actinobacteria,! Planctomycetes,! Chloroflexi,!
Verrucomicrobia,!Acidobacteria,!Chlorobi,!Nitrospirae,!and!WS5).!
Similar!to!marine!sponges,!freshwater!sponges!also!host!symbionts!that!produce!
bioactive! secondary! metabolites! (Lipko! et! al.,! 2012,! KellerbCosta! et! al.,! 2014).! The!
reported!bacterial!phyla! isolated! from!freshwater! sponges!are!not!as!diverse!as! those!
from!marine!sponges,!and!thus!freshwater!sponges!were!presumed!to!host!less!diverse!
microbes.! It! was! proposed! that! sodium! ions! are! essential! for! sponge! symbionts! to!
maintain! association! with! sponges,! hence! the! minimal! diversity! of! microbes! in!
freshwater!sponges! (Wilkinson,!1984,!Taylor!et!al.,!2007).!Another!possible! reason! for!
the! observation! is! the! limitations! posed! by! conventional! methods! (i.e.! denaturing!
gradient!gel!electrophoresis,!restriction!fragment!length!polymorphism,!16S!rRNA!gene!
amplification,!cloning,!and!sequencing)!used!in!previous!studies!on!freshwater!sponges.!
The! use! of! high! throughput! sequencing! can! reveal! the! true! diversity! and! test! the!
previous!notion!of!paucity!of!associated!microorganisms!in!freshwater!sponges.!
This! study! aims! to! gain! insight! into! the! diversity! of! the! microbial! community!
associated! with! freshwater! sponges! collected! from! Lake! Baikal,! Baikalospongia+
intermedia+ profundalis! and! Lubomirskia+ baicalensis,! through! highbthroughput!
sequencing.! Lake! Baikal,! the! oldest,! largest,! and! deepest! lake! on! earth,! is! host! to! a!
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highly! diverse! animal! community.! It! houses! at! least! 2,500! animal! species! and! around!
1,000!plant!species.!Sponges!are!prevalent!in!Lake!Baikal,!most!of!which!belong!to!the!
family!Lubomirskiidae,!an!endemic!family!of!freshwater!sponges.!
The! estimation! of! the! diversity! of! symbiont! communities! in! sponges! can! be!
influenced! by! methodological! factors.! Cultivation! techniques! would! result! to!
underestimation!of!associated!bacterial!diversity!as!it!was!observed!that!the!culturable!
and! unculturable!microbial! communities! in! sponges! are! distinct! (Cassler! et! al.,! 2008).!
Similarly,! microscopic! observations! would! fail! to! assess! overall! bacterial! community!
diversity!since!microbial!profiles!may!differ!between!different!parts!of!the!sponge!body!
(Yang!and!Li,!2012).!The!use!of!molecular!approaches!such!as!amplification!and!cloning!
of! 16S! rRNA!genes! to! analyze!microbial! communities! eliminates! the!need! for! cultureb
dependent! techniques,! however,! these! approaches! tend! to! be! biased! for! certain!
microbial! groups! and! fail! to!detect! others! (Marchesi! et! al.,! 1998,!Acinas! et! al.,! 2005).!
Recently,! highbthroughput! sequencing! proved! to! be! advantageous! in! characterizing!
microbial!communities!because!of! the! technique's!great!sequencing!depth.!Even!so,! it!
was!noted! that! several! factors! such!as! read! lengths!and!number!of! reads,! singleb! and!
pairedbend!sequencing,!and!primers!used!can!influence!the!taxonomic!informativeness!
of!these!new!sequencing!technologies!(Claesson!et!al.,!2010,!Soergel!et!al.,!2012).!This!
study! aims! to! provide! different! perspectives! of! the! diversity! of! microorganisms!
associated! with! the! same! Lake! Baikal! sponge! by! comparing! the! datasets! from! highb
throughput!sequencing!of!PCRbfree!metagenome!and!PCRbamplified!16S!rRNA!genes.!
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Microbial!communities!in!sponges!are!specific!and!stable,!but!are!influenced!by!
several!factors.!One!of!the!major!factors!that!drive!the!stability!of!associated!microbial!
communities! is! the! host! sponge.! Community! profiles! of! bacteria! associated! with!
sponges! collected! from! a! single! location,! whether! closely! related! or! not,! tend! to! be!
speciesbspecific! and! distinct! from! one! another! (Hardoim! et! al.,! 2012,! Jackson! et! al.,!
2012).!While! it! is! well! demonstrated! that! symbiont! partnerships! are! speciesbspecific,!
there! is! no! general! consensus! on! whether! geographical! factors! such! as! sampling!
location! or! water! depth! affect! the! composition! of! the! microbial! communities.! Most!
studies! demonstrate! that! similar! or! closely! related! sponge! species! have! overlapping!
core! community! of! symbionts! regardless! of! location! or! depth! of! collection! (Montalvo!
and!Hill,!2011,!Bruck!et!al.,!2012,!Pita!et!al.,!2013,!Reveillaud!et!al.,!2013),!while!a!few!
others! report! that! geographic! factors! influence! the! composition! of! communities! of!
microbial! symbionts! (Lee!et!al.,! 2009,!Noyer!and!Becerro,!2012).! It!was!also!observed!
that!growth!forms!(i.e.!solitary!or!colonial)!and!color!morphs!of!host!sponges!influence!
symbiont! communities! (KarlinskabBatres! and! Worheide! 2013,! Pita! et! al.,! 2013).!
Environmental! conditions! such! as! elevated! temperature! and! eutrophication! can! also!
cause!changes!in!symbiont!community!composition!in!sponges!(Turque!et!al.,!2010,!Fan!
et! al.,! 2013).! Unlike! in!marine! sponges,! there! have! been! no! studies! that! explore! the!
factors! that! affect! microbial! community! diversity! in! freshwater! sponges.! One! of! the!
goals!of! this! study! is! to! compare! the!bacterial! communities!of! the! freshwater! sponge!
host!species!collected!at!different!depths.!
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This! study! aims! to! examine! the! previous! observation! that! freshwater! sponges!
have!less!diverse!associated!microbial!communities!compared!with!marine!sponges.!The!
diversity! of! associated!microorganisms! can! be! estimated! by! the! diversity! of!microbial!
OTUs! present! in! sponge! holobionts.! The! different! number! of! OTUs! and! their! relative!
abundance! can! give! a! perception! of! the! diversity! of! the! associated! microbial!
communities.! Deep! sequencing! of! the! 16S! rRNA! gene! of! the! Lake! Baikal! sponge!
holobionts! generated! numerous! OTUs! that! indicates! that! freshwater! sponges! harbor!
highly! complex! bacterial! communities! that! can! be! as! diverse! as! marine! sponge!
microbiomes.!The!OTU!sequences! isolated! from!both!B.+ intermedia+profundalis! and!L.+
baicalensis! are! affiliated! with! archaeal! and! bacterial! groups! that! represent! a! more!
diverse! microbial! community! compared! to! previously! reported! freshwater! sponge!
studies.!We!conclude!that!the!use!of!deep!sequencing!reveals!that!freshwater!sponges!
also! harbor! diverse! microbial! communities! and! dismantles! the! previous! notion! of!
paucity!of!associated!microorganisms!in!freshwater!sponges.!
The!diversity!profiles!of!the!associated!bacterial!communities!of!the!three!Lake!
Baikal!sponges!were!examined!using!indices!that!compare!diversity!within!communities!
(alphabdiversity!metrics)! and!among! communities! (betabdiversity!metrics).!Using! these!
diversity!metrics,! it!was!observed! that! the!both! the!host! sponge!and!collection!depth!
can!affect!the!composition!and!diversity!of!freshwater!microbiomes.!These!observations!
are!comparable!to!those!previously!made!for!marine!sponges.!
!
!
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Methods!
Freshwater!Sponge!Samples,!Total!Genomic!DNA!Extraction,!and!PCR!Amplification!of!
16S!rRNA!genes!
Baikalospongia+ intermedia+ profundalis! (BIP)! and! Lubomirskia+ baicalensis! (LB)!
samples!were!collected! from!Lake!Baikal.!B.+ intermedia+profundalis! samples! (BIP1!and!
BIP2)! were! collected! at! different! sampling! depths:! 550! and! 900!meters,! respectively.!
Specimens! were! stored! in! guanidinebHCl! solution! at! b200C.! Total! genomic! DNA! was!
isolated! from! each! specimen! using! a!modified! phenolbchloroform! extraction! protocol!
described!by!SaghaibMaroof!et!al.!(1984).!To!analyze!the!microbiome!of!BIP1,!BIP2,!and!
LB,!16S! rRNA!genes!were!amplified!via!polymerase!chain! reaction! (PCR)!using!primers!
27F/1492R!and!21F/958R!to!target!the!microbial!community!in!the!sponges!(Lane!et!al.,!
1991,!DeLong!1992).!Universal!27F/1492R!and!archaeal!21F/958R!primers!were!used!to!
cover!both!Archaea!and!Bacteria!present! in!the!freshwater!sponge!microbiomes.!Total!
genomic! DNA! and! PCR! products! were! purified! using! Promega! Gel! and! PCR! Cleanbup!
System! kit! and!were! sent! to! Iowa! State!University! (ISU)!Office! of! Biotechnology!DNA!
Facility! for! high! throughput! sequencing.! Singlebend! sequencing! of! PCR! products! was!
performed!using!Illumina!HibSeq!for!100!cycles,!while!the!total!genome!was!sequenced!
on!pairedbend!mode!for!100!cycles.!!
!
High!Throughput!Sequencing!and!Analysis!
Purified!amplification!products!were!sequenced!in!Illumina!and!prebprocessing!of!
sequence!reads!(i.e.!base!calling,!debmultiplexing,!barcode!removal)!were!performed!by!
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the!ISU!DNA!Facility.!Prebprocessed!raw!reads!were!assembled!using!ABySS!(Simpson!et!
al.,! 2009).! Assembled! sequences! were! filtered! for! quality! such! that! sequences! with!
homopolymer! runs! and!with! lengths! that! are! less! than! 200! bp!were! discarded.!Most!
downstream!sequence!processing!steps!were!done!using!QIIME!(Caporaso!et!al.,!2010).!
Redundant!sequences!were!removed!by!dereplication!using!cdbhit!embedded!in!QIIME.!
16S! rRNA! gene! sequences! with! at! least! 97%! similarities! were! assigned! as! one!
operational! taxonomic! unit! (OTU).! OTUs! were! picked! using! the! referencebbased! OTU!
picking!workflow,!in!which!OTUs!were!picked!against!a!set!of!reference!sequences!(i.e.!
Greengenes! database! v.13_5)! via! uclust! clustering! method.! The! longest! sequences!
within!each!OTU!were!picked!as! representative!OTU!sequences.!OTU!sequences!were!
aligned! to! a! prebaligned! database! of! sequences! embedded! in! QIIME! using! PyNAST!
before! chimeric! OTUs! were! discarded! via! ChimeraSlayer.! After! quality! filtering! and!
chimera!checking!of!sequences,!269,!349,!and!249!representative!OTUs!were!retained!
from!BIP1,!BIP2,!and!LB!samples,!respectively,!and!were!used!for!downstream!analysis.!
The!total!genomic!DNA!of!BIP1!was!also!sequenced!in!Illumina!without!the!prior!
16S!rRNA!gene!amplification!step.!The!PCRbfree!sequence!dataset!of!BIP1!is!referred!to!
as!BIP! in! this!paper! to!differentiate! it! from!the!PCRbamplified!sequence!dataset.!Highb
throughput!sequencing!of!the!total!genomic!DNA!of!BIP!generated!numerous!raw!reads!
that!were!subsequently!assembled!using!ABySS! (Simpson!et!al.,!2009).!16S!rRNA!gene!
sequences!were!picked!from!the!assembled!contigs!via!BLASTN!program!(Altschul!et!al.,!
1990).!Sequences!with!at!least!97%!similarities!were!assigned!into!OTUs!using!the!uclust!
clustering!method!in!QIIME.!Representative!OTU!sequences!were!picked!using!the!same!
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criteria!as!the!PCR!sequences!and!these!154!OTU!sequences!were!used!for!downstream!
analysis.!
OTU!sequences!were!classified!at!phylum!level!using!RDP!Classifier!v2.10!at!70%!
threshold!(Wang!et!al.,!2007).!RDP!Classifier!uses!the!Bergey’s!taxonomic!classification!
of!bacteria!and!archaea!(Garrity!et!al.,!2004).!Most!diversity!and!community!structure!
analyses! such! as! rarefaction,! alphabdiversity,! and! betabdiversity! analyses! were!
performed! using! workflows! available! in! QIIME.! The! coverage! of! 16S! rRNA! sequences!
was!determined!using!Bowtie!and!inbhouse!R!scripts!(Langmead!et!al.,!2009).!!
!
Results!
HighQThroughput!Sequencing!of!16S!rRNA!Gene!and!Analysis!
In! this! study,! we! performed! highbthroughput! Illumina! HibSeq! sequencing! of!
amplified! 16S! rRNA! genes! to! gain! a! better! insight! into! the! diversity! of! the!microbial!
community!associated!with!freshwater!sponges!from!Lake!Baikal.!We!used!two!species!
for!our!study:!Baikalospongia+ intermedia+profundalis! (BIP)!and!Lubomirskia+baicalensis!
(LB),! the! first! represented! by! two! specimens! collected! at! different! depths.! This!
procedure! yielded! 1,752,606,! 983,497,! and! 936,575! assembled! sequences! for! BIP1,!
BIP2,!and!LB,! respectively! (Table!1).!After!assembly,!quality! filtering!and!dereplication,!
the! number! of! raw! sequences! was! significantly! reduced! to! 1,651,! 2,446,! and! 1,249!
sequences! for! BIP1,! BIP2,! and! LB,! respectively! (Table! 1).! These! sequences! were!
clustered! into!OTUs!at!97%!similarity.!Referencebbased!picking!of!representative!OTUs!
was!done!using!Greengenes!database! (v.13_5),! hence,!potential! novel! 16S! rRNA!gene!
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sequences! were! not! included! in! downstream! analysis.! After! chimera! checking! and!
filtering!of!OTU!sequences,!269,!349,!and!249!OTUs!were!retained!from!BIP1,!BIP2,!and!
LB!samples,!respectively.!There!are!1,283,960!contigs!assembled!from!highbthroughput!
sequencing!of! the! total! genomic!DNA!of!BIP! (Table! 1).! From! the!187!16S! rRNA!genes!
that!can!be!obtained!from!the!assembled!contigs!via!BLASTN!program,!154!OTUs!at!97%!
similarity!are!represented!(Table!1).!These!representative!OTU!sequences!were!used!for!
downstream!analysis.!
During! the! referencebbased! OTU! picking! step,! one! of! the! criteria! for! picking!
representative!OTUs! is! the! longest! sequence! length.! The! final!BIP1,!BIP2,! and! LB!OTU!
datasets! used! for! downstream! analysis! have! sequence! lengths! that! range! from! the!
minimum!length!requirement!(200!bp)!up!to!almost!the!whole!length!of!the!16S!rRNA!
gene! (Table! 2).! Most! of! the! OTU! sequences! are! ~200! bp! long! for! all! three! sponge!
samples!and!the!average! length!ranges! from!266b271!bp.!The! final! total!genome!(BIP)!
OTU!dataset!used!for!downstream!analysis!consists!of!sequences!that!are!at! least!105!
bp!in!length!and!scaffolds!with!length!of!up!to!4,612!bp!(Table!2).!The!average!length!of!
the!OTU!sequences!in!the!BIP!dataset! is!490!bp!and!a!third!of!the!total!sequences!are!
from!105b182!bp!long.!
Observed! species! richness! was! assessed! for! each! sponge! sample! using!
rarefaction! analysis! (Caporaso! et! al.,! 2010).! Rarefaction! curves! for! BIP1,! BIP2,! and! LB!
sponges!show!that!deeper!OTU!sampling! is!needed!to!obtain!a!broader!picture!of! the!
species! diversity! of! microorganisms! in! BIP1,! BIP2,! and! LB! sponges! (Figure! 1).! Prior!
sequence! analysis! steps! such! as! referencebbased! OTU! picking! as! well! as! coverage! of!
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primers!used!during!PCR!amplification!of! samples!possibly!contributed! to! limited!OTU!
samples!for!each!sponge!microbial!community.!
!
Diversity!of!SpongeQAssociated!Microorganisms!in!Lake!Baikal!Sponges!
Using! deep! sequencing! of! the! amplified! 16S! rRNA! genes! of! the! sponge!
holobionts,!we!observed!a!highly!diverse!bacterial!community!in!BIP1!(269!OTUs),!BIP2!
(349!OTUs),! and! LB! (249!OTUs).!OTU! sequences!were! classified! at! phylum! level! using!
RDP! Classifier! v2.10! at! 70%! threshold.! The! detected! B.+ intermedia+ profundalis! OTUs!
were! affiliated! with! two! archaeal! phyla! (Euryarchaeota,! Thaumarchaeota)! and! 19!
bacterial!phyla! (Acidobacteria,!Actinobacteria,!Armatimonadetes,!Bacteroidetes,!BRC1,!
Chlamydiae,! Chloroflexi,! Cyanobacteria/Chloroplast,! Fibrobacteres,! Firmicutes,!
Gemmatimonadetes,! Nitrospira,! Parcubacteria,! Planctomycetes,! Proteobacteria,!
Saccharibacteria,!Spirochaetes,!Verrucomicrobia,!and!WPSb2).!The!group!Proteobacteria!
and!Bacteroidetes!include!the!most!numerous!OTUs,!comprising!up!to!33%!(BIP1,!n=90;!
BIP2,!n=116)!and!16%!(BIP1,!n=40;!BIP2,!n=56)!of!the!total!OTUs!isolated!from!BIP1!and!
BIP2! samples,! respectively! (Figure! 2).! Rare! OTUs! (<1%! relative! abundance)! belong! to!
eight!bacterial!groups!Armatimonadetes,!BRC1,!Chlamydiae,!Fibrobacteres,!Firmicutes,!
Gemmatimonadetes,! Nitrospira,! Parcubacetria,! Saccharibacteria,! Spirochaetes,!WPSb1,!
and!WPSb2.!Less!than!1%!of!the!isolated!OTU!sequences!are!affiliated!to!archaeal!groups!
Euryarchaeota!(BIP2,!n=1)!and!Thaumarchaeota!(BIP1,!n=1;!BIP2,!n=1).!!
The! detected! OTUs! in! L.+ baicalensis+ are! affiliated! with! one! archaeal! phylum!
(Thaumarchaeota)! and! 14! bacterial! phyla! (Acidobacteria,! Actinobacteria,!
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Armatimonadetes,! Bacteroidetes,! Chloroflexi,! Cyanobacteria/Chloroplast,! Firmicutes,!
Nitrospira,! Planctomycetes,! Proteobacteria,! Saccharibacteria,! Spirochaetes,!
Verrucomicrobia,! and! WPSb2).! As! with! BIP! sponges,! the! phyla! Proteobacteria! (29%,!
n=71)!and!Bacteroidetes!(14%,!n=36)!include!the!most!numerous!OTUs!isolated!from!LB!
(Figure!2).!Six!of!the!fourteen!bacterial!phyla!(Armatimonadetes,!Chloroflexi,!Firmicutes,!
Saccharibacteria,!Spirochaetes,!and!WPSb2)!and!archaeal!phyla!Thaumarchaeota!include!
the!rare!OTUs.!
Majority!of!the!OTUs!isolated!from!the!sponges!(BIP1=74%,!BIP2=56%,!LB=53%)!
are!OTUs!that!are!shared!between!samples!(Figure!4a).!A!number!of!OTUs!that!belong!
to! groups! Thaumarchaeota! (n=1),! Acidobacteria! (n=4),! Actinobacteria! (n=6),!
Bacteroidetes! (n=20),! Cyanobacteria! (n=2),! Planctomycetes! (n=3),! Proteobacteria!
(n=20),! Saccharibacteria! (n=1),! and! Verrucomicrobia! (n=6)! were! found! in! all! three!
freshwater! sponge! samples! (Figure! 4b).! On! the! other! hand,! there! are! OTUs! that! are!
unique! in! each! sponge! bacterial! community.! Some! rare! phyla!were! identified! only! in!
BIP1! (Gemmatimonadetes)! and! BIP2! sponges! (Euryarchaeota,! BRC1,! Chlamydiae,!
Fibrobacteres,!and!WPSb1)!(Figure!3).!!
!
SpongeQAssociated!Microorganisms!in!B.#intermedia#profundalis#Metagenome!
Highbthroughput! sequencing! of! the! PCRbfree! metagenome! of! B.+ intermedia+
profundalis! (BIP)! provided! a! different! perspective! of! the! diversity! of! microorganisms!
associated!with!the!freshwater!sponge.!Of!the!187!16S!rRNA!genes!detected!from!the!
total! genome! via! BLASTN! searches,! 154! OTUs! were! represented! (Table! 1).! These!
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representative!OTUs!can!be!classified!by!RDP!Classifier!v2.10!at!70%!threshold!into!one!
archaeal! phyla! (Thaumarchaeota)! and! eight! bacterial! phyla! (Acidobacteria,!
Actinobacteria,! Bacteroidetes,! Cyanobacteria/Chloroplast,! Nitrospira,! Planctomycetes,!
Proteobacteria,! and! Verrucomicrobia).! The! group! Proteobacteria! has! the! most!
numerous!OTUS!detected!(48%,!n=31).!Rather!than!Bacteroidetes!(6%,!n=9),!the!group!
Actinobacteria!(10%,!n=15)!includes!the!second!most!numerous!OTUs!isolated!from!BIP.!
Rare!OTUs!at!<1%!relative!abundance!belong!to!only!one!phylum,!Acidobacteria!(Figure!
2).! There! are!more! archaeal! OTUs! (n=9)! detected! in! PCRbfree! BIP! compared! to! OTUs!
isolated! from!BIP1!and!BIP2,!even! though!BIP!and!BIP1! sequences!are! from!the! same!
sample!(Figure!3).!
A! previous! study! on! the! diversity! of!microorganisms! associated!with! the! Lake!
Baikal!sponge!Baikalospongia+intermedia!(Kaluzhnaya!and!Itskovich,!2014)!detected!via!
PCR! and! cloning! several! bacterial! OTUs! (Figure! 3).! In! this! study,! high! throughput!
sequencing!of!PCRbfree!total!genome!of!BIP!and!amplified!16S!rRNA!genes!also!yielded!
diverse! OTUs! that! belong! to! archaeal! phyla! and! bacterial! groups.! Among! the! three!
different! approaches! used,! similar!OTU! sequences!were! isolated! from!Baikalospongia+
intermedia.!Some!of!the!representative!OTUs!detected!in!both!three!studies!are!listed!in!
Table!3.!The!sequence!coverage!of!some!these!sequences!in!Baikalospongia+intermedia!
total! genome! were! compared! (Figure! 5).! An! OTU! sequence! that! belongs! to! group!
Actinobacteria! (KF791082.1)! can!be!detected! in!BS78,!BS117,!and!BIP! sponge!samples!
and!have!higher!coverage!relative!to!other!shared!OTU!sequences!such!as!the!OTUs!that!
belong! to! groups! Cyanobacteria,! Ignavibacteria,! Nitrospirae,! or! Verrucomicrobia.! OTU!
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sequences!of!the!bacterial!group!Proteobacteria,!which!has!the!most!abundant!OTUs!in!
all! Baikalospongia+ intermedia+ samples,! either! have! low! or! high! sequence! coverage!
relative!to!other!sequences.!
!
Microbial!Community!Structure!in!Lake!Baikal!Sponges!
Diversity! indices! can! provide! a! perspective! on! the! structure! of! microbial!
communities! and! it! can! be! quantified! using! alphab! and! betabdiversity!measurements.!
Alphabdiversity,!or! the!measure!of!diversity!within! samples,! is!usually!measured!using!
the!number!and!relative!abundance!of!species!in!a!community.!There!are!many!ways!to!
measure!alpha!diversity!–!indices!may!estimate!only!the!presence!or!absence!of!species,!
or!may! account! for! the! abundant! and! rare! species.!On! the!other! hand,! betabdiversity!
indices!compare!the!diversity!between!samples!and!are!usually!estimated!using!distinct!
and!shared!species!among!the!communities.!
The!specific!and!stable!microbial!communities! in!marine!sponges!are!driven!by!
the! host! sponge! (Hentschel! et! al.,! 2002,! Hardoim! et! al.,! 2012,! Jackson! et! al.,! 2012).!
Alphab! and! betabdiversity! analyses! of! OTU! sequences! generated! from! B.+ intermedia+
profundalis+ (BIP1,! BIP2)! and! Lubomirskia+ baicalensis+ (LB)! were! conducted! to! examine!
bacterial!communities!between!host!sponge!species.!Dissimilarity!indices!were!used!to!
compare! sponge!microbiomes! at! 97%! level! of! similarity! (Table! 4).! Based! on! all! betab
diversity! measures! used! (Table! 4),! microbial! community! composition! is! more! similar!
between! two! representatives!of! the! same! species! (BIP1xBIP2)! than!between!different!
host!species!(LBxBIP1!and!LBxBIP2).!Comparison!of!bacterial!communities!between!LB,!
 
 
 
24 
BIP1,!and!BIP2!via!alphabdiversity!indices!also!indicates!that!BIP1!and!BIP2!have!higher!
species!richness!and!more!diverse!associated!microbial!communities!compared!with!LB!
(Table!5).!Diversity!estimators!suggest!that!variation! in!bacterial!community!structures!
associated!with! freshwater! sponges! of! Lake! Baikal! can! be! driven! by! the! host! sponge!
species.!
In!marine!sponges,!there!is!no!general!consensus!on!whether!sampling!location!
or!water!depth!affect!the!stability!of!the!sponge!microbial!community.!In!this!study!we!
use!alphabdiversity!metrics!to!examine!bacterial!communities!of!BIP1!and!BIP2!(Table!5).!
B.+ intermedia+ profundalis! samples! (BIP1! and!BIP2)!were! collected! from! Lake!Baikal! at!
different!sampling!depths:!550!and!900!meters,!respectively.!Rare!taxabbased!estimator!
Chao1! indicates! greater! species! richness! in! BIP2! compared! to! BIP1! (BIP1=938.17,!
BIP2=1423.49).!Comparison!of!abundancebbased!estimator!ACE!index!of!BIP1!and!BIP2!
bacterial! communities! also! shows! higher! species! richness! in! BIP2! (BIP1=888.18,!
BIP2=1312.80).! BIP2’s!microbial! community! have! higher! diversity! Shannon! index! than!
BIP1! (BIP1=7.96,! BIP2=8.32),! while! Simpson! indices! are! equal! for! BIP1! and! BIP2!
(Simpson=0.996),!signifying!that!rare!OTUs!account!for!the!differences!in!the!diversity!of!
bacterial!communities!associated!with!BIP1!and!BIP2.!Observed!number!of!OTUs!is!also!
higher! for!BIP2! (n=349)! compared! to!BIP1! (n=269).! In!both!BIP1!and!BIP2,! the!groups!
Proteobacteria!and!Bacteroidetes!have!the!most!numerous!OTUs.!
Lubomirskia+ baicalensis+ (LB)! samples!were! collected! from! Lake! Baikal! at!more!
shallow! locations! than! both! BIP1! and! BIP2.! ! Chao1! and! Ace! indices! (Chao1=702.63,!
Ace=650.14)! signify! that! LB! has! lower! species! richness! compared! to! the! two! BIP!
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samples.!LB’s!microbiome!have!lower!diversity!Shannon!index!(Shannon=7.83)!than!the!
two! BIP! samples! and! have! comparable! Simpson! index! (Simpson=0.995)! as! to! the! BIP!
samples,! which! indicates! that! rare! OTUs! constitute! the! differences! in! bacterial!
communities! of! LB! and! BIP! sponge! samples.! Alphabdiversity! measures! revealed! that!
bacterial!communities!are!more!diverse!at!OTU!level!in!Lake!Baikal!sponges!collected!at!
deeper!locations;!however,!rarefaction!curves!(Figure!1)!denotes!that!greater!sampling!
coverage!is!required!to!sufficiently!compare!the!diversity!of!bacterial!communities!of!LB,!
BIP1,!and!BIP2.!!
!
Discussion!
Various!studies!on!microbes!associated!with!marine!sponges!provide!evidence!of!
the!high!diversity!of!bacterial!communities!in!marine!sponge!holobionts.!While!marine!
spongebassociated! bacterial! communities! are! known! for! their! diversity,! there! is! only!
limited! information! about! microorganisms! associated! with! sponges! in! freshwater!
environments.! Based! on! these! previous! information,! it! was! inferred! that! freshwater!
spongebassociated!microbial!communities!are!not!as!diverse.!The!previous!observations!
on! the! lower! diversity! of! freshwater! spongebassociated! bacteria! may! have! stemmed!
from! the! techniques! used! in! earlier! studies.! Conventional! techniques! such! as! cultureb
dependent!and!cloning!approaches!can! introduce!biases!and! limit! the! identification!of!
other! rare! and! unculturable! bacteria,! and! thus! underestimate! the! true! diversity! of!
bacterial! communities! associated!with! freshwater! sponges.! In! this! study,!we! describe!
the! diversity! of! microbial! communities! associated! with! freshwater! sponges!
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Baikalospongia+intermedia+profundalis!and!Lubomirskia+baicalensis+collected!from!Lake!
Baikal! using! high! throughput! sequencing! of! PCRbamplified! 16S! rRNA! genes.! Deep!
sequencing!of!the!16S!rRNA!gene!of!the!sponge!holobionts!generated!numerous!OTUs!
from! each! sponge! samples! (BIP1=269! OTUs,! BIP2=349! OTUs,! LB=249! OTUs),! hence!
leading!to!the!observation!that!freshwater!sponges!also!harbor!highly!diverse!bacterial!
communities.! It! is!not!unexpected! that!diverse!bacterial!OTUs!were! isolated! from! the!
freshwater! sponges! when! a! highbthroughput! approach! such! as! deep! sequencing! was!
used.! Identification! of! diverse! microbial! communities! can! be! a! function! of! increased!
sequencing!depth!(Gibbons!et!al.,!2013).!The!approaches!used!in!this!study!are!however!
not! without! limitations.! The! universal! 16S! rRNA! gene! primers! used! during! PCR! have!
limited! specificity! and! consequently,! a! number! of! unculturable! bacterial! groups!were!
potentially! not! represented! (Marchesi! et! al.,! 1998).! The!OTUbpicking! approach! during!
sequence!analysis!(referencebbased!OTUbpicking)!also!drastically!reduced!the!number!of!
OTU! sequences! for!downstream!analyses! (Table!1).!An! inevitable! consequence!of! this!
OTU! picking! workflow! is! that! potentially! novel! and! rare! bacterial! sequences! are!
discarded,! resulting! in! underestimation! of! the! true! diversity! of! the!microorganisms! in!
BIP1,!BIP2,!and!LB!sponge!samples.!In!this!study,!PCR!primers!that!were!used!target!the!
almost! whole! 16S! rRNA! gene! region,! instead! of! primers! that! amplify! shorter!
hypervariable!regions.!This!posed!some!challenges!during!the!analysis!especially!during!
the! assembly! and! quality! filtering! process! and! may! have! caused! another!
underestimation! of! the! diversity! of! the! sponges.! Thus! the! final! OTU! datasets! have!
lengths!that!can!range!from!200!bp!to!~1000!!bp!(Table!2).!Most!of!the!OTUs!are!within!
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the!range!of!~200bp!and!the!average!length!is!~270!bp.!OTU!sequences!were!classified!
at!phylum!level!using!RDP!Classifier!v2.10!at!70%!confidence!threshold.!However,!using!
this! threshold,! several! OTUs! from! the! final! dataset! are! grouped! into! the! unclassified!
taxon!(Figure!2),!affecting!the!true!estimate!of!the!diversity!of!the!detected!OTUs.!!
!Despite! these! limitations,! results! of! this! study! show! that! Lake! Baikal! sponges!
harbor!highly!diverse!bacterial!communities.!OTU!sequences!isolated!from!B.+intermedia+
profundalis+ are! classified! into! two! archaeal! phyla! and! eighteen! bacterial! phyla.! OTU!
sequences! detected! in! L.+ baicalensis+ are! affiliated! with! one! archaeal! phylum! and!
thirteen!bacterial!phyla.!In!fact,!the!freshwater!sponge!microbiome!can!be!as!diverse!as!
the!marine! sponge.! In! both! Lake!Baikal! sponge! species,! the! phyla! Proteobacteria! and!
Bacteroidetes!include!the!most!numerous!OTUs!detected,!a!similar!observation!as!with!
most!marine! sponges! (Taylor! et! al.,! 2007,! Hentschel! et! al.,! 2012).! Overall,! the! use! of!
deep! sequencing! dismantles! the! previous! notion! of! paucity! of! associated!
microorganisms! in! freshwater! sponges! and! instead! reveals! highly! diverse! microbial!
communities.!
In! this! study,! we! also! examined! the! diversity! of! microbial! communities!
associated! with! Baikalospongia+ intermedia+ profundalis! when! bias! introduced! by! PCR!
approach!is!removed.!Several!16S!rRNA!OTUs!(BIP=154!OTUs)!were!detected!from!deep!
sequencing!of! the! total!genomic!DNA!of! the!BIP! sponge!sample.!These! representative!
OTUs!are!affiliated!with!one!archaeal!phyla!and!eight!bacterial!phyla.!A!previous!study!
on! the! diversity! of! microorganisms! associated! with! the! Lake! Baikal! sponge!
Baikalospongia+ intermedia! (Kaluzhnaya! and! Itskovich,! 2014)! detected! via! PCR! and!
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cloning!a!total!of!64!bacterial!OTUs!that!belong!to!nine!bacterial!phyla!(Figure!3).!High!
throughput! sequencing! of! amplified! 16S! rRNA! genes! in! BIP1! and! BIP2! samples!
generated!more!diverse!OTU! samples,!which!belong! to! two!archaeal! and!19!bacterial!
groups,!relative!to!the!two!former!approaches.!
In! high! throughput! sequencing! of! PCRbfree! total! genome! of! BIP,! the! groups!
Proteobacteria! and! Actinobacteria! contain! the! most! numerous! OTUs.! The! sequence!
coverage!of!some!of!the!detected!OTUs!indicated!that!one!actinobacterial!OTU!has!high!
sequence!coverage!that!is!comparable!to!several!proteobacterial!OTUs!(Figure!5).!Using!
a! PCRbfree! deep! sequencing! approach! does! not! detect! rare! OTUs,! only! the! group!
Acidobacteria!consists!of!OTUs!at!<1%!relative!abundance!(Figure!3).!This!is!in!contrast!
to! the! BIP1,! BIP2,! and! LB! microbial! communities! where! several! rare! phyla! were!
observed.! PCR! of! 16S! rRNA! genes! before! deep! sequencing! therefore! amplified! and!
helped!detect! the!rare!OTUs,!contributing! to! the!observation!that!BIP!and!LB!sponges!
harbor! a! very! diverse! microbial! community.! On! the! other! hand,! the! use! of! PCRb
dependent! conventional! approaches! such! as! cloning!may! fail! to! detect! several!major!
microbial! species! in! the! community.! In! the! previous! study! on!B.+ intermedia!microbial!
community! (Kaluzhnaya! and! Itskovich,! 2014),! the! group! Proteobacteria! consists! the!
most!numerous!OTUs,!however,!bacteria!affiliated!to!major!phyla!such!as!Bacteroidetes!
and!Cyanobacteria/Chloroplast!were!not!detected.!
Previous! studies! on! freshwater! sponges! identified! Proteobacteria! and!
Actinobacteria!as!the!dominant!phyla!isolated!from!the!freshwater!sponges!(Gernert!et!
al.,!2005,!Kaluzhnaya!et!al.,!2012,!Costa!et!al.,!2013,!Kaluzhnaya!and!Itskovich,!2014).!In!
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marine! sponges,! the! dominant! bacterial! phyla! isolated! include! Proteobacteria,!
Chloroflexi,! Actinobacteria,! Acidobacteria,! Nitrospirae,! and! Poribacteria! (Hentschel! et!
al.,! 2012).! The! abundant! bacterial! groups! in! Lake! Baikal! sponge! microbiomes! also!
include!Proteobacteria,!Bacteroidetes,!and!Actinobacteria.!Majority!of!the!OTUs!isolated!
from! BIP1,! BIP2,! and! LB! were! grouped! into! phyla! Proteobacteria! and! Bacteroidetes.!
Most!of! the!OTUs!that!are!common!between!the!three!sponge!samples! (Figure!4)!are!
also!Proteobacteria!and!Bacteroidetes.!Most!OTUs!detected!from!BIP!also!are!affiliated!
with!Proteobacteria!and!Actinobacteria.!!
The! archaeal! groups! Euryarchaeota! and! Thaumarchaeota! were! previously!
isolated! from!marine! sponges! (Preston! et! al.,! 1996,! Hentschel! et! al.,! 2012).! Previous!
studies! on! the! freshwater! sponges! Spongilla+ lacustris,+ Lubomirskia+ baicalensis,!
Ephydatia+ fluviatilis,+and+ Baikalospongia+ intermedia+did! not! detect! archaeal! groups! in!
the!sponges!(Gernert!et!al.,!2005,!Kaluzhnaya!et!al.,!2012,!Costa!et!al.,!2013,!Kaluzhnaya!
and!Itskovich,!2014).!Using!PCR!primers!that!target!both!Archaea!and!Bacteria!combined!
with! deep! sequencing! in! this! study,! archaeal! groups! Euryarchaeota! and!
Thaumarchaeota! were! detected! from! BIP1! and! BIP2! sponges,! while! the! group!
Thaumarchaeota!was!detected!from!LB.!Even!with!the!use!of!PCRbfree!deep!sequencing!
approach,! archaeal!OTUs!were!detected.! Several!OTUs! (6%,!n=9)!were!observed! from!
the!BIP!microbial!community.!
It!is!well!demonstrated!in!previous!studies!that!one!of!the!determining!factors!of!
the!maintenance!of!microbial!community!is!the!host!sponge.!Using!diversity!metrics!to!
compare! the!microbial! community! profile! of! the! three! Lake! Baikal! sponges,! it! can! be!
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observed!that!the!host!sponge!affects!the!specificity!of!the!microbiome.!Although!this!
observation!was! not! previously! explored! in! freshwater! sponges,! it! is! evident! in!most!
marine!sponges!(Hardoim!et!al.,!2012,!Jackson!et!al.,!2012).!B.+ intermedia!have!higher!
species!richness!and!diversity!than!L.+baicalensis.!Based!on!diversity!metrics!used,!both!
BIP!and!LB!sponge!microbial!communities!have!similar!abundant!groups,!but!rare!taxa!
(low!abundance!OTUs)!accounted!for!the!difference!in!diversity!and!species!richness.!!
There!is!no!general!consensus!on!whether!geographical!factors!such!as!sampling!
location!or!water!depth!affect!the!specific!and!stable!nature!of!the!microbial!association!
with! the! host! sponge.! Some! studies! report! similar! diversity! profiles! of! associated!
microorganisms!in!sponges!regardless!of!geographical!location!(Montalvo!and!Hill,!2011,!
Bruck! et! al.,! 2012,! Pita! et! al.,! 2013,! Reveillaud! et! al.,! 2013).!Other! studies! on!marine!
sponges!observed!varied!microbial! communities! in! similar! sponge! species! collected!at!
different! sites! (Lee! et! al.,! 2009,! Noyer! and! Becerro,! 2012).! In! this! study,! it! can! be!
observed!that!collection!depth!can!be!a!factor!that!affects!the!composition!and!diversity!
of! freshwater! sponge! microbiomes.! Deeper! collection! depth! of! Lake! Baikal! sponges!
correlated! to! a!more!diverse!microbial! community,! as! implied! in! the!diversity!metrics!
calculated!in!this!study.!!
We! conclude! that! freshwater! sponges! collected! from! Lake! Baikal! have! highly!
diverse! microbial! communities.! Using! techniques! that! involve! greater! sequencing!
coverage,! we! can! observe! that! freshwater! sponge!microbiomes! can! be! as! diverse! as!
marine! sponge! microbiomes.! One! of! the! factors! that! account! for! the! observed! high!
diversity!in!microbial!communities!is!due!to!the!rare!taxa!detected!by!the!combination!
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of! PCR! amplification! and! deep! sequencing.! It! can! be! observed! that! rare! taxa! are! not!
detected!when!PCRbfree!deep! sequencing! approach! is! used.!On! the!other! hand,! PCRb
dependent! conventional! approaches! such! as! cloning!may! fail! to! detect!major! species!
that! truly! represent! the! diversity! of! the! microbial! community.! The! host! sponge! and!
different! environmental! conditions! such! as! collection! depth! can! both! influence! the!
diversity!and!maintenance!of!microbial!associations!in!Lake!Baikal!sponges.!These!trends!
can!be!further!verified!via!deeper!OTU!sampling,!since!the!OTUs!examined!in!this!study!
may!not!be!representative!of!the!true!diversity!of!Lake!Baikal!sponge!microbiomes,!as!
indicated!by!the!rarefaction!analysis!of!the!final!dataset!(Figure!1).!
!
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Tables'and'Figures'
!
Table! 1.! Summary! of! the! PCR5based! high5throughput! sequencing! (BIP1,! BIP2,! LB)! and!
whole5genome!sequencing!(BIP)!datasets.!
! BIP1! BIP2! LB! BIP!
Sequences!after!
assembly!
1,752,606! 983,497! 936,575! 1,283,960!
Sequences!after!
quality!filtering!
(length,!
dereplication)!
1,651! 2,446! 1,249! !
Reference5based!
OTU!picking!
284! 366! 258! !
Sequences!after!
chimera!removal!
269! 349! 249! !
No.!of!16S!rRNA!
blastn!hits!
! ! ! 187!
No.!of!OTUs! 269! 349! 249! 154!
Archaeal!phyla!
represented!
1! 2! 1! 1!
Bacterial!phyla!
represented!
15! 18! 14! 8!
Dominant!
phylum!
Proteobacteria* Proteobacteria! Proteobacteria* Proteobacteria*
!
!
!
!
!
!
!
!
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Table! 2.! Summary! of! the! final! datasets! (OTUs! at! 97%! sequence! similarity)! used! for!
downstream!analysis.!
! BIP1! BIP2! LB! BIP!
No.!of!OTU!
sequences!
269! 349! 249! 154!
Average!length!
of!sequences!
(bp)!
268! 266! 271! 490!
Median!length!
(bp)!
245! 243! 255! 231!
Mode!(bp)! 205! 2035204! 2005211! 127!
Minimum!length!
of!sequences!
(bp)!
200! 200! 200! 105!
Longest!
sequence!(bp)!
1474! 1196! 820! 4612!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table!3.!Some!bacterial!sequences!that!were!detected!in!different!datasets.!
Sequence! Taxonomic!Affiliation! Detected!in!
KF791082.1! Actinobacteria! Kaluzhnaya!and!Itskovich!2014!(BS78,!BS117)!
this!study!(BIP)!
scaffold56703! Cyanobacteria! this!study!(BIP,!BIP1,!BIP2)!
KF791120.1! Ignavibacteria! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP)!
KF791073.1! Nitrospirae! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP1)!
KF791092.1! Alpha5Proteobacteria! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP)!
KF791095.1! Alpha5Proteobacteria! Kaluzhnaya!and!Itskovich!2014!(BS78)!
this!study!(BIP)!
KF791104.1! Beta5Proteobacteria! Kaluzhnaya!and!Itskovich!2014!(BS78)!
this!study!(BIP)!
KF791106.1! Beta5Proteobacteria! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP1)!
KF791108.1! Beta5Proteobacteria! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP)!
KF791109.1! Beta5Proteobacteria! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP)!
KF791117.1! Gamma5Proteobacteria! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP)!
KF791071.1! Verrucomicrobia! Kaluzhnaya!and!Itskovich!2014!(BS117)!
this!study!(BIP)!
!
!
Table!4.!Beta5diversity!dissimilarity!indices!between!Lake!Baikal!sponges.!
β5diversity! BIP1!x!BIP2! BIP1!x!LB! BIP2!x!LB!
Bray5Curtis! 0.52! 0.60! 0.68!
Jaccard! 0.64! 0.70! 0.78!
Pearson! 0.82! 0.88! 1.04!
Sorensen! 0.50! 0.59! 0.68!
Unifrac! 0.49! 0.53! 0.60!
!
!
!
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Table!5.!Alpha5diversity!metrices!in!Lake!Baikal!sponge!OTUs.!
α5diversity! BIP1! BIP2! LB!
Chao1! 938.17! 1423.49! 702.63!
Ace! 888.18! 1312.80! 650.14!
Shannon! 7.96! 8.32! 7.83!
Simpson! 0.996! 0.996! 0.995!
observed_species! 269! 349! 249!
PD_whole_tree! 34.46! 44.21! 30.18!
!
!
!
Figure!1.!Rarefaction!curve.!
!
!
!
!
!
!
!
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!
Figure!2.!Taxonomic!distribution!of!OTUs!(in!%)!at!the!phylum!level.!
!
!
!
Figure!3.!Taxonomic!distribution!of!OTUs!isolated!from!freshwater!sponges.!
!
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!
!
!
Figure!4.!Number!of!OTUs! that!are! shared!and!unique!between! the! three! Lake!Baikal!
sponges.!
!
!
!
!
!
!
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!
Figure! 5.! Sequence! coverage! of! sequences! detected! in! different! datasets.!
(A=Actinobacteria;! B=Cyanobacteria;! C=Ignavibacteria;! D=Nitrospirae;!
E=Verrucomicrobia;! F,G=Alpha5Proteobacteria;! H,I=Beta5Proteobacteria;! J=Gamma5
Proteobacteria).!!
!
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!
!
!
!
!
!
!
!
!
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CHAPTER(3(
PROTEIN(SIZE(IN(THREE(DOMAINS(OF(LIFE(AND(EXAMPLES(OF(UNUSUALLY(LARGE(
PROTEINS(IN(PORIFERA:(A(REVIEW(
(
The( increase( in( the( number( of( completely( sequenced( genomes( of( organisms(
from( three( domains( of( life,( Archaea,( Bacteria,( and( Eukarya,( led( to( an( improved(
understanding(of(proteins,(their(general(properties,(as(well(as(their(length(distributions.(
While( there( is(no(observation(that(shows(biological(complexity(can(be(correlated(with(
average(protein( length,(significant(differences( in(mean(protein( length(can(be(observed(
across( the( domains( Archaea,( Bacteria,( and( Eukarya.( There( is( no( one( definition( for( an(
organism's( biological( complexity,( nonetheless( it( is( usually( described( through( several(
parameters( such( as( physical( or( structural( complexity( (e.g.( number( of( cell( types),(
genomic(complexity((e.g.(size(and(structure(of(genomes),(or(functional(complexity((e.g.(
the( different( functions( an( organism( does( to( survive( in( its( environment).( It( is( now(
acknowledged( that( neither( genome( size( nor( gene( number( correlate( with( organism(
complexity((CYvalue(and(GYvalue(paradox).(Although(an(organism's(biological(complexity(
is( governed( by( various( factors( and( notwithstanding( the( CYvalue/GYvalue( paradox,( a(
study(by(Schad(et%al.((2011)(on(prokaryotic(and(eukaryotic(organisms(shows(that(there(is(
significant( correlation(between(biological( complexity( and(proteome( size,( as(measured(
by(the(number(of(cell( types(and(total(number(of(amino(acids,( respectively.(This(paper(
presents( a( review( of( studies( on( protein( length( distributions( and( the( observed(
differences( in( average(protein( length(across(all( three(domains(of( life.(We(also(discuss(
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proposed(explanations(for(why(organisms(maintain(their(protein(size(and(present(some(
examples( of( proteins( that( defy( constraints( on( protein( size( from( literature( and( from(
genomes( of( sponges( Amphimedon% queenslandica,( Oscarella% carmela,( and(
Baikalospongia%intermedia.(
(
Average'protein'length'in'three'domains'of'life'
Several( studies( demonstrate( that( on( average,( eukaryotic( proteins( are( longer(
than( bacterial( proteins,( and( that,( in( turn,( bacterial( proteins( are( longer( than( archaeal(
proteins((Table(1).(Analysis(of(genomes(of(numerous(archaea,(bacteria,(and(eukaryotes(
revealed(that(there(are(significant(differences(in(mean(length(of(proteins(in(species(from(
the(three(domains(of(life(and(that(the(mean(protein(length(in(eukaryotes(is(greater(than(
in(bacteria(and(archaea((Zhang(2000,(Tekaia(et%al.(2002,(Tiessen(et%al.(2012).(Similarly,(a(
study( on( complete( genome( sequences( of( several( prokaryotes( and( eukaryotes(
established( that( the( mean( length( of( coding( sequences( in( both( prokaryotes( and(
eukaryotes(are(conserved(and(that(genes(coding(for(eukaryotic(proteins(are(longer(than(
prokaryotic( genes( (Xu( et% al.( 2006).( Brocchieri( and( Karlin( (2005)( analyzed( complete(
proteomes(of( several( eukaryotic,( bacterial,( and( archaeal( species( and(determined( that(
the( median( length( of( annotated( proteins( in( eukaryotes( is( significantly( longer( than(
bacterial(and(archaeal(proteins.(This(trend(of(increase(in(protein(length(across(the(three(
domains(of( life( is(apparent,( though( in(one(of( the(analyses( that( included(only(proteins(
that(match(known(proteins,(the(difference(in(mean(or(median(protein( length(between(
archaea(and(bacteria(is(not(significant((Skovgaard(et%al.(2001).(The(different(conclusion(
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is(possibly(caused(by(inclusion(of(nonYprotein(coding(genes(or(short(random(ORFs,(which(
are( abundant( in( archaea,( in(majority( of( the( studies.(While( the( distribution( of( protein(
lengths( in( archaea( and( bacteria(may( be( comparable,( a( significant( difference( between(
eukaryotes( and( prokaryotes( can( be( observed( (Zhang( 2000).( The( trend( on( the(
conservation( and(differences( in( protein( length( in( archaea,( bacteria,( and(eukaryotes( is(
also(manifest( in( orthologous( proteins( (Zhang( 2000,(Wang( et% al.( 2005,( Brocchieri( and(
Karlin( 2005),( in( prokaryoteY( and( eukaryoteYspecific( proteins( (Zhang( 2000),( in( each(
functional(class(of(proteins((Brocchieri(and(Karlin(2005),(and(in(domainYspecific(proteins(
(Brocchieri(and(Karlin(2005).(It(was(also(noted(that(proteins(in(unicellular(eukaryotes(are(
on(average(larger(than(proteins(in(multicellular(organisms((Tiessen(et%al.(2012).(Protein(
length( differences( can( also( be( observed( in( microorganisms( with( different( lifestyles.(
There( is( a( significant( difference( in( average( length( of( proteins( of( thermophiles( (283(
amino(acids)(and(mesophiles((340(amino(acids)((Tekaia(et%al.(2002).(
(
Mechanisms'for'Maintaining'Protein'Size'or'ORF'Length'
In(addition(to(the(observed(differences(in(average(protein(length(across(Archaea,(
Bacteria,(and(Eukarya,(there(is(conservation(of(protein(length(within(each(domain.(The(
biosynthetic( cost(minimization( hypothesis( has( been( suggested( as( one( of( the( possible(
mechanisms( why( the( conservation( of( protein( size( across( all( three( domains( is(
maintained.( This( hypothesis( explains( that( organisms( tend( to( minimize( costs( of(
biosynthetic( processes( to( reduce( overall( metabolic( costs.( In( most( organisms,( gene(
length( or( protein( size( would( more( likely( be( smaller( to( reduce( cost( of( synthesis( and(
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maintenance(of(nucleic(acids(and(proteins,(and(to(have(more(efficient(reproduction(or(
cell( division.( An( example( of( a( possible( strategy( to( reduce( cost( of( biosynthesis( can( be(
observed(in(eukayotes,(albeit(not(in(archaea(and(bacteria,(where(there(is(an(increased(
number(of(proteins(with(the(decrease(of(average(protein(size((Tiessen(et%al.(2012).(
(
Protein( length( is( negatively( correlated( with( gene( expression.( Consistent( with(
biosynthetic(cost(minimization(hypothesis,( shorter(proteins(are(more(highly(expressed(
compared( to( larger( ones( (Table( 2).( Expression( of( abundant( proteins( may( apply(
constraint( on( protein( size( to( minimize( costs( of( transcription( and( translation.( In(
Saccharomyces% cerevisiae,%Drosophila%melanogaster,%and(Drosophila% pseudoobscura,( it(
was( found( that( protein( length( and( gene( expression,( which( is( measured( by( mRNA(
abundance,( are( negatively( correlated( (Coghlan( and( Wolfe( 2000,( Lemos( et% al.( 2005,(
Warringer( and( Blomberg( 2006).( In( yeasts( it( was( observed( that( proteins( with( low(
expression(are(longer(in(length(compared(to(proteins(with(high(expression,(and(that(the(
proteins( that(are(highly(expressed(despite( their( large(size( function( in(essential(cellular(
processes(such(as(nuclear(transport,(protein(synthesis,(energy(metabolism,(and(cellular(
transport((Warringer(and(Blomberg(2006).(In(the(woody(plant(Populus%tremula,(as(with(
yeasts(and(fruit(flies,(the(negative(correlation(of(protein(length(and(mRNA(concentration(
is( statistically( significant,( albeit( weak( (Ingvarsson( 2007).( However,( this( negative(
correlation(between(protein(length(and(gene(expression(was(not(observed(in(a(study(of(
proteinYcoding( sequences( from(Caenorhabditis% elegans,%Drosophila%melanogaster,( and(
Arabidopsis% thaliana% (Duret( and( Mouchiroud( 1999).( In( Caenorhabditis% elegans% and%
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Drosophila% melanogaster,( an( increase( in( protein( length( was( observed( with( increased(
gene(expression,(which(was(measured(by(the(number(of(EST(sequences(for(each(gene,(
while( in( Arabidopsis% thaliana,( no( correlation( was( found( between( protein( length( and(
gene(expression((Duret(and(Mouchiroud(1999).(
(
Protein( length( influences( protein( function.( The( amino( acid( sequence( of( a( protein(
influences( its( structure( and( activity,( thus( to( some( extent( protein( length( reflects( the(
protein’s( biological( functions.( In( yeasts( it( was( demonstrated( that( several( biochemical(
activities(are(distinctly(associated(with(either(the(group(of(smallest(or( largest(proteins,(
showing( that( protein( size( influences( biochemical( activity( (Warringer( and( Blomberg(
2006).( Specifically,( seven( biochemical( activities( (i.e.( cytoskeleton,( homeostasis,(
metabolism/energy,(protein(fate,(transcription,(translation,(other(protein(functions)(are(
enriched( in( small( proteins( while( large( proteins( mostly( possess( biochemical( activities(
grouped( in( ten( broad( categories( such( as( cell( cycle/DNA( processing,( cell( wall,( protein(
fate,( signal( transduction,( transcription,( and( transport( (Warringer(and(Blomberg(2006).(
The( longest( proteins( in( all( archaea,( bacteria,( and( eukarya( can( be( classified( into( COG(
functional(groups((Cluster(of(Orthologous(Groups)(of(cellular(processes(and(metabolism(
(Brocchieri( and( Karlin( 2005).( The( length( of( genes( is( also( relevant( in( developmental(
processes.( It( was( observed( in( Drosophila( that( gene( length( is( crucial( in( establishing(
transient( transcriptional( responses( to(morphogen( gradients( (McHale(et% al.( 2011).( The(
geneYlengthYdependent( transcriptional( patterning( model( was( demonstrated( in(
Drosophila(embryos(when(the(transcriptional(response(of(neural(genes((i.e.%kni,%knrl)(to(
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gradients( was( shown( to( correlate( with( the( differing( unit( lengths( of( the( neural( genes(
during( transcription.( There( are( also( studies( that( show( that( the( biological( roles( of(
proteins(are(associated(with(their(size.(Protein(size(may(affect(an(organism’s(ability( to(
adapt( to( different( kinds( of( environment.( The( length( of( proteins( in( thermophilic( and(
mesophilic(microorganisms(were(compared(and(it(was(suggested(that(the(smaller(size(of(
proteins( might( play( a( role( in( providing( thermophiles( adaptation( to( thermophilic(
environments((Tekaia(et%al.(2002).(
(
Protein(length(is(positively(correlated(with(domain(count(but(does(not(impact(protein(
interactions( and( multi:functionality.( Since( the( biological( roles( of( proteins( is( in( part(
determined(by(their(size(and(structure,(differences( in(protein( length(potentially(allows(
for( diversity( of( functions.( An( avenue( for( how( length( affects( protein( function( is( the(
organization(of(structures(such(as(domain(or(motifs.(The(longer(the(proteins,(the(higher(
possibility(of(increasing(the(number(and(types(of(domains(or(motifs(in(peptides(that(may(
allow( for( more( complex( activities.( There( are( more( domains( in( eukaryotic( proteins(
compared( to(bacterial( and(archaeal( proteins,(which( could( also( account( for( the( longer(
mean( length( of( proteins( in( eukaryotes( (Brocchieri( and( Karlin( 2005).( In( a( study( of( 49(
metazoan(species,(it(was(found(that(there(is(an(increase(protein(length(with(the(increase(
in( domain( count( (Middleton(et% al.( 2010).( It(was( observed( in( the( same( study( that( the(
type(and(number(of(domains(present( in(proteins(are(linked(with(protein(length.(When(
proteins(contain(less(than(five(repeat(domains((defined(in(the(study(as(domains(that(are(
present(in(proteins(twice(or(more),(they(are(significantly(shorter(compared(to(proteins(
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with(nonYrepeat(domains,(while( in(the(presence(of(eight(or(more(repeat(domains,( the(
proteins( are( longer( compared( to( the(ones(with(nonYrepeat(domains( (Middleton(et%al.(
2010).( It( seems( reasonable( that( with( increasing( protein( length( there( are( more(
possibilities(to(accommodate(structures(for(proteinYprotein(interactions.(In(yeasts,(there(
are( more( proteinYprotein( interactions( in( large( proteins( compared( to( the( small( ones(
(Warringer( and( Blomberg( 2006).( However( in(Drosophila,( protein( length( and( proteinY
protein( interactions( are( negatively( correlated( (Lemos( et% al.( 2005).( It( may( also( seem(
intuitive( that( large( proteins,(which( are(more( likely( to( have(more( complex(motifs( and(
more(likely(to(have(structures(for(interactions(with(other(proteins,(possess(the(capability(
for(multiple(functions.(However(this(is(not(observed(in(yeasts,(where(protein(size(has(no(
correlation(with(multiYfunctionality(of(the(proteins((Warringer(and(Blomberg(2006).(
(
Protein(length(does(not(influence(rate(of(evolution.(There(seems(to(be(no(consensus(on(
whether(protein(evolutionary(rate(is(influenced(by(protein(size(or(length.(Large(proteins(
are( potentially( more( flexible( in( accommodating( amino( acid( changes( without(
compromising(their(function(since(there(is(less(chance(of(detrimental(changes(occurring(
in( critical( regions,(while( shorter( proteins( are(more( sensitive( to( buildup( of( deleterious(
mutations.(In(Drosophila%species,(amino(acid(and(nucleotide(sequence(rates(of(evolution(
are(higher(in(larger(proteins((Lemos(et%al.(2005).(Gene(length(and(substitution(rates(in(
the(woody(plant(Populus%tremula(are(positively(correlated((Ingvarsson(2007).(It(was(also(
observed( that( surface( residues( of( largeYcore( proteins( have( higher( rate( of( evolution(
compared( to( those( of( smallYcore( proteins,( though( in( buried( residues,( there( is( no(
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correlation(between(protein(core(sizes(and(how(fast(the(residues(evolve((Franzosa(and(
Xia(2012).(However,(the(trend(is(different(from(a(study(on(363(genes(of(mouse(and(rat,(
where( longer( proteins( are( being( under( stronger( selective( constraints,( although( the(
positive( correlation( between( protein( length( and( constraint( is( weak( (Zhang( 2000).(
Similarly,( in( an( analysis( of( proteins( from( Escherichia% coli,( Archaeoglobus% fulgidus,(
Saccharomyces%cerevisiae,(Drosophila%melanogaster,(and(Homo%sapiens,( the(conserved(
proteins(tend(to(be(longer(than(the(poorly(conserved(ones((Lipman(et%al.(2002).(While(in(
yeast,(no(correlation(was(found(between(protein(size(and(rate(of(evolution((Warringer(
and(Blomberg(2006).(
(
Properties'Associated'with'Protein'Length'
The(availability(and(ease(of(access(to(costYeffective(deep(sequencing(techniques(
resulted( in( an( increase( in( the( number( of( completely( sequenced( genomes( and(
consequently( an( increase( in( publicly( available( datasets( that( led( to( a( more( improved(
understanding(on( the( general( properties(of( protein( and( their( correlation(with(protein(
size(or(gene(length.(For(instance,(in(a(study(that(included(proteins(stored(in(Protein(Data(
Bank,( it( was( noted( that( long( proteins( tend( to( consist( of( less( hydrophobic( sequences(
(Bastolla( and( Demetrius( 2005).( It( is( accounted( for( in( several( studies( on( available(
complete( genomes( that( protein( size( or( gene( length( influences( various( properties( of(
proteins( such( as( amino( acid( utilization,( codon( usage,( stability,( and( other( general(
properties.((
(
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Amino( acid( utilization.( Across( all( the( domains( archaea,( bacteria,( and( eukarya,( amino(
acid(utilization(is(influenced(by(protein(size.(In(bacteria(it(was(observed(that(amino(acid(
usage( in( large( proteins( differs( from( the( averageYsized( proteins( (Reva( and( Tummler(
2008).( Similarly,( in( a( study( that( included( archaea,( bacteria,( and( eukaryotes,( large(
proteins(have(different(amino(acid(bias(compared(to(small(proteins((Tiessen(et%al.(2012).(
It(was(also(noted(in(the(same(study(that(a(group(of(amino(acids((i.e.(%(of(C,M,K,F,R,W,Y)(
is( negatively( correlated(with( protein( length,(while( another( group( (i.e.( %( of( D,E,Q,S,T)(
showed(positive(correlation((Tiessen(et%al.(2012).(Biosynthetic(cost(minimization(could(
be(one(of(the(factors(that(account(for(protein(size(bias(on(amino(acids.(Usage(of(amino(
acids(with(high(biosynthetic(cost(will(likely(be(minimal.(Indeed(a(positive(correlation(was(
observed( between( protein( size( and( expression( level( with( amino( acid( weight(
minimization((Seligmann(2002,(Warringer(and(Blomberg(2006).(
(
Codon( usage( bias.( Synonymous( codon( usage( is( usually( used( as( indicator( of( gene(
expression( because( of( the( positive( correlation( between( codon( usage( bias( and( gene(
expression.( While( it( was( shown( is( several( studies( that( protein( length( and( gene(
expression( are( negatively( correlated,( the( negative( relationship( between( codon( usage(
and( protein( length( seems( to( be( observed( in(most( eukaryotes( but( not( in( bacteria.( In(
Caenorhabditis% elegans,( Drosophila% melanogaster,( Saccharomyces% cerevisiae,(
Arabidopsis% thaliana,( and( Populus% tremula,( there( is( less( constraint( on( synonymous(
codon( usage( bias( in( genes( that( code( for( longer( proteins( compared(with( shorter( ones(
(Moriyama( and( Powell( 1998,( Duret( and( Mouchiroud( 1999,( Marais( and( Duret( 2001,(
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Warringer(and(Blomberg(2006,( Ingvarsson(2007).(However( in(Escherichia% coli,(positive(
correlation( was( detected( between( synonymous( codon( usage( bias( and( protein( length(
(EyreYWalker(1996,(Moriyama(and(Powell(1998),(while(in(several(other(bacterial(species,(
no(correlation(was(found((Reva(and(Tummler(2008).((
(
Protein( stability.( The( length(of(proteins(and( their( charged( side( chains( can(be(used( to(
predict(stability(and(folding(capabilities(of(proteins((Ghosh(and(Dill(2009).(In(the(analysis(
of( several( proteins( stored( in( the( Protein( Data( Bank,( it( was( seen( that( the( longer( the(
proteins,( the( more( likely( it( is( for( it( to( attain( folding( stability( because( of( increased(
number(of( interactions(within( the(protein( (Bastolla(and(Demetrius(2005).( In( the(same(
study,( the(negative( correlation(between(protein( chain( length(and(number(of(disulfide(
bonds(per(residues(were(detected(in(short(chain(proteins,(but(not(in(proteins(with(long(
chains((Bastolla(and(Demetrius(2005).(
(
General(properties(of(genes(and(proteins.(Other(properties(like(isoelectric(point(and(GC(
content( can( also( be( impacted( by( protein( size.( In( bacteria,( GC( content( of( coding(DNA(
increases( with( protein( size( (Tiessen( et% al.( 2012).( However,( the( positive( correlation(
between(protein(length(and(GC(content(is(only(observed(in(bacteria(but(not(in(archaea(
and( eukaryotes( (Tiessen( et% al.( 2012).( Acidic( proteins( tend( to( be( longer( than( basic(
proteins( (Kiraga( et% al.( 2007,( Tiessen( et% al.( 2012).( Significant( correlation( between(
isoelectric( point( and( protein( size(was( detected( in( the( analysis( of( 1,784( proteomes( of(
archaea,(bacteria,(and(eukaryotes,( including(proteomes(encoded(by( the(mitochondria,(
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plastids,( plasmids,( phages,( and( viruses( (Kiraga(et%al.( 2007).( Consistent(with(Tiessen(et%
al.’s(analyses((2012),(the(relationship(between(protein(size(and(isoelectric(point(can(only(
be( observed( if( acidic( and( basic( proteins( are( separated( during( analysis,( since( no(
correlation( is( detected( when( both( are( analyzed( together.( In( acidic( proteins,( protein(
length( is( positively( correlated( with( isoelectric( point,( while( in( basic( proteins,( the(
correlation(is(negative((Kiraga(et%al.(2007,(Tiessen(et%al.(2012).(
'
Long'Open'Reading'Frames'across'Taxa'
Given(the(trend( in(protein( length(distribution( in(all( three(domains(of( life,(there(
are(proteins(that(defy(such(constraints(on(protein(length.'Large(proteins(can(be(found(in(
various(organisms(ranging( from(bacteria( to(multicellular(eukaryotes.(The(giant(protein(
titin( or( connectin,( which( is( abundant( in( human( striated(muscles,( can( comprise( up( to(
38,138( amino( acids( (Tskhovrebova( and( Trinick( 2003).( A( number( of( giant( genes( (~80(
genes)( with( more( than( 20( kilobases( can( also( be( found( in( 47( bacterial( and( archaeal(
species( affiliated( with( several( phyla( such( as( Thermotogae,( Chlorobi,( Planctomycetes,(
Cyanobacteria,( Firmicutes,( Actinobacteria,( Proteobacteria,( and( Euryarchaeoata( (Reva(
and( Tummler( 2008).( Two(of( the( longest( bacterial( gene( known,(which( encode(36,806Y(
and(a(20,647Yamino(acid(proteins,(are(present(in(the(green(sulfur(bacterium(Chlorobium%
chlorochromatii%CaD3.'
As(per(the(biosynthetic(cost(minimization(hypothesis,(relatively(shorter(proteins(
are(more(highly(expressed( than(proteins(of( larger( size( in(most(organisms.(Despite( the(
demanding( cost( for( resources( and( constraint( on(protein( size,( there( are( large(proteins(
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that( are( expressed( in(most( organisms( and( thus( these( organisms( employ( strategies( to(
maintain(such( large(proteins.(Majority(of( the(bacterial(giant(genes(are(present( in(nonY
pathogenic( environmental( species( and( they( code( for( cell( surface( proteins( and(
polyketide/nonYribosomal( peptide( synthetases( (Reva( and( Tummler( 2008).( These( giant(
genes(were(found(to(be(strainYspecific(such(that(either(a(surface(protein(or(a(synthetase(
can(only(be(detected(for(each(strain.(It(was(suggested(that(the(protein(products(of(these(
bacterial( giant( genes( are( utilized( as( weapons( against( competitors( or( protection( from(
harsh(environments,( thus(providing(advantage( to( the(organism’s( fitness.(Maintenance(
of( large( proteins( despite( the( high( biosynthetic( cost( involved( also( indicates( their(
necessity( in( the( survival(of( the(organism.( In( the(yeast(Saccharomyces% cerevisiae,( large(
proteins( that( are( highly( expressed( are( those( with( roles( in( essential( cellular( activities(
such( as( protein( synthesis,( cell( transport,( and( energy( metabolism( (Warringer( and(
Blomberg(2006).(
Titin,(which(comprises(up(to(38,138(amino(acids,(is(the(largest(protein(known(so(
far((MW(~4000(kDa)(and(it(consists(of(kinase,(immunoglobulin,(and(fibronectin(domains(
(Labeit(et%al.(1992,(Labeit(and(Kolmerer(1995,(Tskhovrebova(and(Trinick(2003).(Titins(or(
connectins(are(elastic(proteins(present( in(muscle( fibers(of( invertebrate(and(vertebrate(
striated(muscles( and( is( one( of( the(most( abundant( proteins( in( the( vertebrate( striated(
muscle((Wang(et%al.(1979,(Tskhovrebova(and(Trinick(2003).((These(proteins(are(essential(
for( muscle( assembly( and( resting( tension( as( well( as( for( maintaining( elasticity( and(
mechanical( continuity( in( muscle( fibers( (Maruyama( et% al.( 1977,( Labeit( and( Kolmerer(
1995).( Despite( the( large( size( and( the( biosynthetic( cost( associated( with( maintaining(
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titins,(humans(make( the(most(out(of( these(proteins(by(differential( splicing(of( the(363(
exons(and(expressed(to(form(a(variety(of(isoforms(with(sizes(that(range(from(~600(kDa(
to( 3.7(MDa( ( (Tskhovrebova( and( Trinick( 2003).( Consequently,( titins( can( have(multiple(
functions(ranging( from(mechanical( (i.e.(helps( in(assembly(of(actin(and(myosin,(control(
elasticity(of(muscles)(to(catalytic((i.e.(signaling(and(binding(of(other(sarcomere(proteins)(
functions.((
To( verify( that( long( genes( are( indeed( generally( present( in( diverse( organisms,(
complete(genome(sequences(of(representative(organisms(across(taxa(were(surveyed(for(
long( (>10,000(bases)( open( reading( frames( (ORFs).( Long(ORFs( can(be( found( in( diverse(
species(ranging(from(archaea(and(bacteria(to(eukaryotes((Table(3).((
(
Long'Open'Reading'Frames'in'Porifera'
Based(on(Table(3,( choanoflagellates(and(sponges(have( the(most(abundant(and(
longest(ORFs(among(the(organisms(surveyed.(Sequences(of(the(LORFs(were(compared(
with( sequences( available( in( the( nonYredundant( protein( sequences( (nr)( database( via(
blastx( (Altschul( et( al.( 1990).( Some( of( the( long( ORFs( detected( in( sponges( showed(
sequence(similarity(to(proteins(that(function(in(cellYcell(adhesion,(binding,(and(proteinY
protein(interactions(based(on(standard(sequence(similarity(searches((Table(4).(
A( number( of( LORFs( showed( sequence( similarities( to( proteins( of( the( cadherin(
superfamily,(a(group(of(transmembrane(glycoproteins(that(plays(critical(roles(in(calciumY
dependent( cellYcell( adhesion( and( in( several( developmental( processes.( Some( of( the(
sequence(similarity(hits(are(transmembrane(proteins(that(are(known(for(their(large(size(
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such( as( protocadherins( and( dachsous( proteins.( Protocadherins,( which( are( considered(
‘nonYclassical’(cadherin(genes,(contain(ectodomain(repeat(sequences(that(are(encoded(
in( one( large( exon,( in( contrast( ‘classic’( cadherin( genes( with( ectodomain( repeat(
sequences(that(contain(several( introns((Wu(and(Maniatis(2000).(Dachsous,(also(a(nonY
classical(cadherin(protein,(is(a(large(3503Yamino(acid(transmembrane(protein(that(plays(
important( roles( in( establishing( planar( cell( polarity( (Rock( et% al.( 2005).( Several( of( the(
sponge( LORFs( also( showed( sequence( similarities( with( the( proteins( hedgling( and(
lefftyrin,( which( are( cadherin( proteins( that( are( present( only( in( choanoflagellates,(
sponges,( and( cnidarians,( and( were( lost( in( bilaterians( (Nichols( et% al.( 2012).( Hedgling(
proteins,(which( are( expressed( during( development,( are( transmembrane( proteins( that(
have( hedgehog( signaling( domains,( cadherin,( EGF,( and( immunoglobulin( domains(
(Adamska(et%al.(2007).(Lefftyrins(are(cell(adhesion(proteins(that(are(exclusively(found(in(
choanoflagellates(and(sponges((Nichols(et%al.(2012).(
Other( sequence( similarity( hits( include( genes( for( large( proteins( such( as( sacsin,(
fibrillin,( and( protein( jaggedY2.( Sacsins,( which( act( as( coYchaperone( in( the( hsp70(
chaperone(machinery,( are( also( proteins( that( are( encoded( by( a( huge( 12,794( bpYexon(
(Engert( et% al.( 2000).( Fibrillins( are( large( glycoproteins( that( are( components( of( the(
myofibrils(in(extracellular(matrices((Sakai(et%al.(1986).(Protein(jaggedY2(is(involved(in(the(
Notch(signaling(pathway(and(is(encoded(by(a(30Ykb(sequence(with(26(exons((Deng(et%al.(
2000).( In( addition,( blastx( searches( detected( sequence( similarities( to( several( proteins(
domains( and( repeats.( Most( of( the( sponge( LORFs( contain( repeats( such( as( the(
haemolysinYtype(calciumYbinding(repeats,( leucineYrich( repeats,(and(ankyrin( repeats,(as(
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well( as( domains( like( FYboxYassociated( domains,(metalloYbetaYlactamase( domains,( and(
AAA+(ATPase(domains.(
(
Large'Orphan'Proteins'in'Porifera'
A( number( of( long( ORFs( detected( in( sponges( encode( for( hypothetical( proteins(
that(are(unique(in(sponges(and(choanoflagellates((Table(4).(These(putative(proteins(are(
mostly( uncharacterized( and( their( functions(unknown.( These( long(ORFs( are(potentially(
orphan(genes( (otherwise(called( taxonomicallyYrestricted(genes,(TRGs)( that(are( specific(
to(sponges(and(choanoflagellates.(Orphan(genes((sometimes(called(ORFans(in(bacteria)(
are(proteinYcoding(sequences(with(no(known(function(and(without(significant(sequence(
similarity( with( any( protein( homologs( of( known( function( (Dujon( 1996,( Daubin( and(
Ochoman(2004,(Khalturin(et%al.(2009).(Most(of(these(genes(are(detected(exclusively(in(a(
specific(set(of(organisms.(In(a(study(of(orphan(genes(of(a(set(of(122(bacterial(species,(it(
was(first(suggested(that(these(genes(should(be(called(TRGs(as(they(were(observed(to(be(
taxonYspecific(and(may(be(involved(in(bacterial(adaptation((Wilson(et%al.(2005).(TRGs(or(
lineageYspecific( genes(are(now( loosely(defined(as( a( subset(of(orphan(genes( that(have(
narrow(phylogenetic( distribution( and( are( exclusively( found(only( in( a( specific( group(of(
closely(related(organisms((Khalturin(et%al.(2009).((
A( significant( number( of( orphan( genes( with( no( known( function( or( homologs,(
ranging(from(approximately(10%Y30%(of(all(the(ORFs(in(the(genomes,(can(be(detected(
across(all( three(domains(of( life( (Fukuchi(and(Nishikawa(2004,(Khalturin(et%al.(2009).(A(
few( wellYstudied( TRGs( demonstrate( that( these( genes( play( important( and( diverse(
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functional(roles(in(adaptation,(in(generation(of(lineageYspecific(traits(and(diversity,(and(
in( general( cellular( processes.( Various( studies( on( TRGs( indicate( that( the( general(
characteristics( of( these( genes( are( different( as( with( nonYorphan( genes.( TRGs( are(
generally( shorter( and( have( fewer( exons( in( Escherichia% coli,% zebrafish,( honeybees,(
Drosophila,( and( primates( (Daubin( and(Ochoman( 2004,( Yang(et% al.( 2013,( Johnson( and(
Tsutsui( 2011).( On( average,( orphan( genes( evolve( faster( than( nonYorphan( genes( in(
Escherichia%coli(and(Drosophila%melanogaster,(though(a(few(evolve(slower((Daubin(and(
Ochoman( 2004,( DomazetYLoso( and( Tautz( 2003).( ( Amino( acid( composition( and( GC(
content( also( differ( in( orphan( genes( of(Methanopyrus% kandleri,% Escherichia% coli,( and(
zebrafish((Jensen(et%al.(2003,(Daubin(and(Ochoman(2004,(Yang(et%al.(2013).(In(terms(of(
codon( usage,( codon( bias( is( similar( throughout( the( genome( of( the( archaean(
Methanopyrus%kandleri((Jensen(et%al.(2003).(
As(with(most(TRGs(in(other(taxa,(the(large(putative(proteins(found(in(sponges(are(
mostly( uncharacterized( and( their( functions( unknown.( Despite( the( demanding(
biosynthetic( cost( of( maintaining( such( large( proteins,( that( these( large( spongeY( and(
choanoflagellateYspecific( proteins( are( retained( signifies( their( important( role( in( the(
biology( of( sponges.( To( gain( insight( into( these( hypothetical( proteins,( their( general(
properties(and(potential(structural(features(were(explored((Tables(5Y7,(Figure(2).((
In( all( of( the( sponge( large( putative( proteins,( the( theoretical( isoelectric( point(
ranges( from( 4Y5( and( the( aliphatic( index,( which( is( the( relative( volume( occupied( by(
aliphatic(side(chains,(ranges(from(90Y105.(There(are(also(more(negatively(charged(than(
positively( charged( residues( in( all( of( the( proteins.( Majority( of( the( large( hypothetical(
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proteins( are( stable( based( on( estimated( stability( index.( Also,( most( of( them( are(
potentially( hydrophilic( proteins( (i.e.( negative( values( for( GRAVY( index)( except( for( the(
proteins(of(Baikalospongia(with(positive(GRAVY(indices((i.e.(predicting(hydrophobicity).((
Protein(domains(and(motifs(are(usually(associated(with(certain(cellular(functions(
or(protein(families(and(may(provide(clues(about(the(hypothetical(large(proteins.(Sponge(
LORFs(with(signal(peptidase(signatures(and(signal(peptide(regions(may(indicate(that(the(
protein(goes(through(the(secretory(pathway,(for(example.(Most(of(hypothetical(proteins(
contain( typical( repeats( such( as( leucineYrich( repeats,( parallel( betaYhelix( repeats,( or(
internal( repeats.( Five( of( the( LORFs( from(Amphimedon% queenslandica( are( presumably(
part(of(a(41,943Yamino(acid(hypothetical(protein.(Detected(domains(via(NCBI(Conserved(
Domains(database(include(a(proteinYprotein(interaction(Death(domain(and(a(eukaryotic(
initiation(factor(4E(domain,(a(translation(initiation(factor.((
The( detection( in( sponges( of( large( ORFs( with( unknown( functions( and( with(
potentially(no(homologs(in(other(metazoans(may(lead(to(the(assumption(that(these(are(
random,(nonYfunctional,(or(artifactual(ORFs.(To(validate(that(the(long(ORFs(detected(in(
sponges( are( nonYspurious( and( functional,( their( expression( at( the( mRNA( level( were(
analyzed(using(publicly(available( transcriptome(sequences.(Alignment(via(blastx(of( the(
LORF( sequences(with( sponge( transcriptome( sequences( demonstrate( that( these( LORFs(
are(expressed(at(the(mRNA(level(in(other(closely(related(sponges((Figure(3).((
(
'
'
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Conclusions'
Several(studies(established(that(mean(protein(length(is(conserved(in(each(three(
domains(of( life( and( that,( on(average,( eukaryotic(proteins( are( significantly( longer( than(
bacterial( proteins,(while( in( turn,( bacterial( proteins( are( longer( than( archaeal( proteins.(
Several( selective( constraints( are( applied( on( proteins( to(maintain( their( size.(Given( the(
trend( in(protein( length(distribution( in(all( three(domains(of( life,(there(are(proteins(that(
defy( such( constraints( on( protein( length.( A( number( of( large( proteins( can( be( found( in(
various(organisms(ranging(from(bacteria(to(multicellular(eukaryotes.(
Long( ORFs( can( be( identified( in( genomes( of( sponges( A.% queenslandica,( O.%
carmella,(and(B.%intermedia.(Some(of(the(LORFs(detected(in(sponges(showed(significant(
sequence(similarity(with(known(large(proteins(of(various(functional(roles.(In(addition,(a(
number(of(long(ORFs(detected(in(sponges(code(for(hypothetical(proteins(that(are(unique(
in( sponges( and( choanoflagellates.( Despite( the( cost( associated( with( biosynthesis( and(
maintenance(of(unusually(large(proteins,(that(these(large(spongeY(and(choanoflagellateY
specific(proteins(are(retained(signifies(their(important(role(in(the(biology(of(sponges.(In%
silico(characterization(was(done(to(gain( insight( into(the(properties(and(function(of(the(
putative(proteins.(Alignment(with(sequence(databases,(motif(and(domain(searches,(and(
predictions( of( general( protein( properties( were( performed,( however,( understanding(
about(these(large(ORFs(are(still(limited.(A(more(extensive(computational(analysis(and(in%
vivo(assays(such(as(SDSYPAGE,(in%situ(hybridization,(electron(microscopy,(or(protein(level(
expression(will(possibly(give(more(clues(as(to(the(biological(significance(of(the(proteins,(
though(it(will(be(a(challenge(due(to(their(unusually(large(size.(
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Tables'and'Figures'
!
Table!1.!Average!length!of!proteins!in!three!domains!of!life.!
Species!studied! Archaea! Bacteria! Eukarya! Reference!
5!archaea!
15!bacteria!
2!eukaryotes!
270!±!9!amino!acids! 330!±!5!amino!acids! 449!±!25!amino!acids! Zhang!2000!
14!archaea!
35!bacteria!
7!eukaryotes!
278!±!5!amino!acids! 316!±!4!amino!acids! 462!±!10!amino!acids! Tekaia!et#al.!
2002!
16!archaea!
67!bacteria!
5!eukaryotes!
247!amino!acids! 267!amino!acids! 361!amino!acids! Brocchieri!and!
Karlin!(2005)*!
! Prokaryotes! Eukaryotes! !
81!prokaryotes!
19!eukaryotes!
924!±!9!bases! 1346!±!28!bases! Xu!et#al.!2006**!
97!archaea!
1205!bacteria!
140!eukaryotes!
283!amino!acids! 320!amino!acids! 472!amino!acids! Tiessen!et#al.!
2012!
*median!protein!length!
**mean!length!of!coding!sequence!
!
!
Table!2.!Correlation!between!protein!length!and!gene!expression.!
Species!studied! No.!of!genes!analyzed! Correlation! Reference!
Saccharomyces#cerevisiae# 6217! negative! Coghlan!and!Wolfe!2000!
Saccharomyces#cerevisiae# 5256! negative! Warringer!and!Bloomberg!2006!
Drosophila#melanogaster#
Drosophila#pseudoobscura#
8333! negative! Lemos!et#al.!2005!
Populus#tremula# 558!! negative!(weak)! Ingvarsson!2007!
Caenorhabditis#elegans# 8113! positive! Duret!and!Mouchiroud!1999!
Drosophila#melanogaster# 1550! no!correlation! Duret!and!Mouchiroud!1999!
Arabidopsis#thaliana# 2917! no!correlation! Duret!and!Mouchiroud!1999!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table!3.!Length!and!abundance!of!long!ORFs!in!genomes!of!diverse!organisms.!
Taxonomy' Organism' Genome'size'
(bp)'
Number'of'
predicted'
genes'
Long'ORFs'
(>10,000'bp)'
Longest'
ORF'(bp)'
Archaea! Cenarchaeum#
symbiosum#A#
2,050,000! 2,066! 10! 36,048!
Bacteria! Escherichia#coli#K=
12#MG1655#
4,639,221!
!
4,466! 0! 7,161!
Bacteria! Chlorobium#
chromatii#CaD3#
2,572,079!
!
2,050! 7! 110,436!
Choanoflagellates! Monosiga#
brevicollis#
41,600,000! 9,188! 46! 59,597!
Porifera! Amphimedon#
queenslandica#
166,679,601! 30,060! 28! 47,841!
Porifera! Oscarella#carmela# ! ! 11! 39,534!
Porifera! Baikalospongia#
(BS550)#
! ! 4! 21,600!
Ctenophore! Mnemiopsis#leidyi# 150,350,754! 16,559! 10! 19,398!
Placozoa! Trichoplax#
adhaerens#
105,631,681! 11,520! 9! 18,384!
Cnidaria! Nematostella#
vectensis#
297,398,056 24,773! 8! 16,809!
Nematoda! Caenorhabditis#
elegans#
100,258,171!
!
21,733! 6! 15,003!
Arthropoda! Drosophila#
melanogaster#
142,573,017!
!
13,918! 10! 27,800!
Plants! Arabidopsis#
thaliana#
135,000,000! 27,047! 0! 7,824!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table! 4.! Sequence! alignment! of! LORFs! in! Porifera.! Top! hits/organisms! were! listed,!
id=identity,!E=e`value.!
Long!ORFs! length!(bp)! blastx!vs.!nr!db!
A.#queenslandica# ! !
GL345217.1_1! 47841! *HP!Amphimedon!queenslandica!29%!id,!E=0!
HP!Monosiga!brevicollis!24%!id,!E=0!
HP!Salpingoeca!rosetta!24%!id,!E=0!
HP!Aureococcus!anophagefferens!24%!id,!E=3e`40!
HP!Phytophthora!sojae!33%!id,!E=4e`13!
HP!Saprolegnia!30%!id,!E=3e`05!
hemolysin`type! Ca`binding! domain`containing!
protein,!Nitrosomonas!europae,!23%!id,!E=5e`04!
GL345217.1_2! 45570! HP!Amphimedon,!99%!id,!E=0!
HP!Monosiga!brevicollis,!25%!id,!E=0!
HP!Salpingoeca!rosetta,!25%!id,!E=0!
HP!Aureococcus!anophagefferens,!28%!id,!E=2e`27!
HP!Acinetobacter!guillouiae,!24%!id,!E=1e`04!
hemolysin`type!calcium`binding!domain`containing!
protein,!Nitrosomonas!europae,!23%!id,!E=0.57!
HP!Clostridium!scatologenes,!27%!id,!E=6!
GL345166.1_1! 25344! hedgling,!Nematostella!vectensis,!28%!id,!E=6e`119!
Protocadherin! Fat! 4,! Columba! livia,! 26%! id,! E=3e`
96!
HP! protocadherin! Fat! 4,! Tarsius! syrichta,! 25%! id,!
E=2e`94!
HP! protocadherin! Fat! 4,! Styanax! mexicanus,! 25%!
id,!E=2e`94!
HP! protocadherin! Fat! 4! isoform,! Monodelphis!
domestica,!25%!id,!E=1e`93!
GL345223.1_1! 24678! HP!Amphimedon!queenslandica,!97%!id,!E=0!
Lefftyrin,!Oscarella!carmela,!27%!id,!E=0!
hedgling,!Nematostella!vectensis,!29%!id,!E=1e`154!
HP! cadherin`related! tumor! suppresor,! Tribolium!
castaneum,!28%!id,!E=6e`138!
protocadherin!Fat!1`like!protein,!Cricetulus!griseus,!
28%!id,E=4e`137!
HP! protocadherin! Fat! 1,!Melopsittacus! undulatus,!
27%!id,!E=7e`137!
GL345217.1_6! 24027! HP!Amphimedon!queenslandica,!100%!id,!E=0!
HP!Salpingoeca!rosetta,!26%!id,!E=0!
HP!Aureococcus!anophagefferens,!28%!id,!E=6e`29!
HP!Phytophthora!sojae,!28%!id,!E=3e`10!
HP!Phytophthora!parasitica,!27%!id,!E=6e`09!
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GL345217.1_4! 23127! HP!Amphimedon!queenslandica,!99%!id,!E=0!
HP!Monosiga!brevicollis,!25%!id,!E=0!
HP!Salpingoeca!rosetta,!25%!id,!E=5e`138!
HP!Aureococcus!anophagefferens,!26%!id,!E=4e`22!
HP!Phytophthora!sojae,!25%!id,!E=2e`06!
GL345145.1_2! 22767! HP!Amphimedon!queenslandica,!28%!id,!E=0!
HP!Monosiga!brevicollis,!24%!id,!E=0!
HP!Salpingoeca!rosetta,!24%!id,!E=0!
HP!Aureococcus!anophagefferens,!25%!id,!E=4e`33!
HP!Phytophthora!sojae,!29%!id,!E=9e`12!
GL345217.1_3! 21294! HP!Amphimedon!queenslandica,!100%!id,!E=0!
HP!Monosiga!brevicollis,!26%!id,!E=0!
HP!Salpingoeca!rosetta,!24%!id,!E=0!
HP!Aureococcus!anophagefferens,!31%!id,!E=1e`31!
hemolysin`type!calcium`binding!region,!
Methylobacter!tundripaludum,!25%!id,!E=6e`07!
GL345208.1_1! 19839! HP!Amphimedon!queenslandica,!99%!id,!E=0!
HP!Nematostella!vectensis,!30%!id,!E=6e`114!
hedgling,!Nematostella!vectensis,!30%!id,!E=1e`113!
Lefftyrin,!Oscarella!carmela,!32%!id,!E=8e`107!
HP!protocadherin!Fat!3,!Cynoglossus!semilaevis,!
29%!id,!E=1e`103!
HP!protocadherin!Fat!4!isoform,!Monodelphis!
domestica,!29%!id,!E=2e`101!
GL345145.1_1! 18528! HP!Amphimedon!queenslandica,!30%!id,!E=0!
HP!Monosiga!brevicollis,!27%!id,!E=0!
HP!Salpingoeca!rosetta,!25%!id,!E=0!
HP!Aureococcus!anophagefferens,!27%!id,!E=3e`36!
HP!Phytophthora!sojae,!34%!id,!E=1e`12!
GL345136.1_1! 18405! HP!Saccoglossus!kowalevskii,!30%!id,!E=0!
HP!Branchiostoma!floridae,!32%!id,!E=1e`140!
HP!Salpingoeca!rosetta,!30%!id,!E=3e`116!
HP!Monosiga!brevicollis,!31%!id,!E=1e`109!
hemolysin`tyoe!calcium`binding!protein,!
Trichodesmium!erythraeum,!29%!id,!E=1e`55!
GL345172.1_1! 16950! HP!protocadherin!Fat!4`like,!Aque,!99%!id,!E=0!
HP!protocadherin!Fat!4,!Loxodonta!africana,!27%!
id,!E=0!
HP!protocadherin!Fat!4,!Capra!hircus,!27%!id,!E=0!
HP!protocadherin!Fat!4`like,!Panthera!tigris,!27%!
id,!E=0!
HP!protocadherin!Fat!4!isoform,!Ictidomys!
tridecemlineatus,!27%!id,!E=0!
Table!4!continued!!
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GL345173.1_7! 13410! HP!Pseudogymnoascus!pannorum,!20%!id,!E=5e`22!
F`box!associated!region!domain`containing!
protein,!Sphingobacterium,!25%!id,!E=6e`18!
HP!Photorhabdus!luminescens,!23%!id,!E=2e`17!
HP!transmembrane!protein,!Rhizoctonia!solani,!
25%!id,!E=8e`11!
metallo`beta`lactamase!domain!protein,!Roseburia!
intestinalis,!29%!id,!E=3e`08!
GL345234.1_1! 12813! HP!sacsin`like,!Amphimedon!queenslandica,!99%!
id,!E=0!
HP!Nematostella!vectensis,!26%!id,!E=0!
HP!Branchiostoma!floridae,!27%!id,!E=0!
HP!sacsin,!Callithrix!jacchus,!28%!id,!E=0!
HP!sacsin,!Danio!rerio,!27%!id,!E=0!
GL345134.1_11! 12795! HP!sacsin`like,!Amphimedon!queenslandica,!100%!
id,!E=0!
HP!Branchiostoma!floridae,!94%!id,!E=0!
HP!sacsin,!Latimeria!chalumnae,!26%!id,!E=0!
Sacsin,!Apaloderma!vittatum,!25%!id,!E=0!
HP!sacsin,!Pseudopodoces!humilis,!25%!id,!E=0!
GL345144.1_10! 12627! HP!sacsin`like,!Amphimedon!queenslandica,!99%!
id,!E=0!
HP!sacsin`like,!Saccoglossus!kowalevskii,!26%!id,!
E=0!
HP!Branchiostoma!floridae,!27%!id,!E=0!
HP!sacsin,!Callithrix!jacchus,!24%!id,!E=0!
HP!sacsin`like!isoform,!Danio!rerio,!24%!id,!E=1e`
147!
GL345182.1_1! 12603! HP!sacsin,!Amphimedon!queenslandica,!100%!id,!
E=0!
HP!Branchiostoma!floridae,!26%!id,!E=0!
HP!sacsin!isoform,!Gallus!gallus,!25%!id,!E=3e`155!
Sacsin,!Egretta!garzetta,!25%!id,!E=5e`154!
Sacsin,!Tauraco!erythrolophus,!25%!id,!E=2e`153!
GL345134.1_4! 12582! HP!sacsin`like,!Amphimedon!queenslandica,!100%!
id,!E=0!
HP!Branchiostoma!floridae,!26%!id,!E=0!
HP!Nematostella!vectensis,!25%!id,!E=0!
HP!sacsin`like,!Saccoglossus!kowalevskii,!25%!id,!
E=0!
HP!Oncorhynchus!mykiss,!25%!id,!E=0!
GL345135.1_1! 12570! HP!sacsin`like,!99%!id,!E=0!
HP!Branchiostoma!floridae,!27%!id,!E=0!
Table!4!continued!!
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HP!sacsin,!Callithrix!jacchus,!27%!id,!E=0!
HP!sacsin,!Vicugna!pacos,!25%!id,!E=0!
HP!sacsin,!Camelus!ferus,!25%!id,!E=0!
GL345803.1_1! 12468! HP!sacsin`like,!Amphimedon!queenslandica!99%!id!
E=0!
HP!Branchiostoma!floridae!26%!E=0!
HP!sacsin!Callithrix!jacchus!25%!E=0!
HP!Nematostella!vectensis!26%!id!E=0!
GL345164.1_1! 12255! Lefftyrin,!Oscarella!carmela,!24%!id,!E=3e`20!
HP!Desulfobacterium!autotrophicum,!26%!id,!
E=2e`19!
HP!Ensifer!sp.,!16%!id,!E=7e`19!
HP!Ichthyophthirius!multifiliis,!21%!id,!E=5e`18!
HP!Rhizobium,!19%!id,!E=8e`17!
GL345383.1_1! 12126! HP!protocadherin!Fat!4,!Amphimedon!
queenslandica,!100%!id!E=0!
HP!protocadherin!Fat!1`like,!Falco!cherrug,!27%!id,!
E=0!
Protocadherin!Fat!1,!Culculus!canorus!27%!id,!E=0!
HP!protocadherin!Fat!1`like,!Meleagris!gallopavo,!
27%!id,!E=0!
Protocadherin!Fat!1,!Nipponia!nippon,!27%!id,!E=0!!
GL345217.1_5! 11997! HP!Amphimedon!queenslandica,!100%!id,!E=0!
HP!Monosiga!brevicollis,!27%!id,!E=3e`175!
HP!Salpingoeca!rosetta,!24%!id,!E=2e`137!
HP!Aureococcus!anophagefferens,!29%!id,!E=4e`24!
HP!Phytophthora!parasitica,!28%!id,!E=8e`09!
GL345296.1_1! 11961! HP!sacsin`like,!Amphimedon!queenslandica!100%!
id,!E=0!
HP!Branchiostoma!floridae,!26%!id,!E=0!
HP!Nematostella!vectensis,!26%!id,!E=0!
HP!sacsin`like,!Saccoglossus!kowalevskii,!26%!id,!
E=0!
HP!sacsin,!Callithrix!jacchus,!25%!id,!E=0!
GL345222.1_1! 10884! HP!Amphimedon!queenslandica,!99%!id,!E=0!
HP!protocadherin,!Fat!4`like!isoform,!Latimeria!
chalumae,!30%!id,!E=0!
HP!protocadherin,!Fat!4`like!isoform,!Ochotona!
princeps,!30%!id,!E=0!
HP!protocadherin,!Fat!4`like,!Lepisosteus!oculatus,!
29%!id,!E=0!
HP!protocadherin,!Fat!4`like,!Balaenoptera!
acutorostrata,!29%!id,!E=0!
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GL346623.1_1! 10689! HP!sacsin`like!Amphimedon!queenslandica!100%!id!
E=0!
HP!Branchiostoma!floridae!26%!id!E=0!
HP!Nematostella!vectensis!25%!id!E=0!
HP!sacsin`like!Sacoglossus!kowalevskii!26%!E=0!
HP!sacsin!Callithrix!jacchus!29%!id!E=0!
GL345347.1_1! 10386! HP!Amphimedon!queenslandica,!100%!id,!E=0!
HP!ankyrin`1`like,!Amphimedon!queenslandica,!
90%!id,!E=0!
HP!Strongylocentrotus!purpuratus,!30%!id,!E=0!
ankyrin!motif!protein,!Wolbachia!endosymbiony!of!
Cadra!cautella,!26%!id,!E=0!
ankyrin!repeat!protein,!Wolbachia!endosymbiont!
of!Drosophila,!26%!id,!E=0!
HP!serine/threonine`protein!phosphatase!6!
regulatory!ankyrin!repeat!subunit!C`like,!
Strongylocentrotus!purpuratus,!30%!id,!E=0!
GL345147.1_1! 10227! HP!protein!dachsous`like,!Strongylocentrotus!
purpuratus,!29%!id,!E=0!
HP!protocadherin`23`like,!Takifugu!rubripes,!29%!
id,!E=0!
HP!protocadherin`23`like,!Lepisosteus!oculatus,!
28%!id,!E=0!
HP!Daphnia!pulex,!29%!id,!E=0!
HP!protocadherin!Fat!4`like,!Takifugu!rubripes,!
29%!id,!E=0!
O.#carmela# ! !
scaffold6552_1! 39534! !
scaffold10755_1! 22020! HP!Amphimedon!queenslandica,!32%!id,!E=0!
HP!Monosiga!brevicollis,!26%!id,!E=0!
HP!Salpingoeca!rosetta,!25%!id,!E=0!
HP!Aureococcus!anophagefferens,!30%!id,!E=7e`31!
HP!Phytophthora!parasitica,!29%!id,!E=2e`12!
HP!Phytophthora!infestans,!29%!id,!E=3e`08!
hemolysin`type!calcium`binding!domain`containing!
protein,!Nitrosomonas!europaea,!23%!id,!E=3e`05!
scaffold8904_1! 17913! HP!Salpingoeca!rosetta,!26%!id,!E=5e`37!
HP!Monosiga!brevicollis,!28%!id,!E=9e`29!
HP!Guillardia!theta,!39%!id,!E=1e`25!
HP!Paramecium!tetraurelia,!35%!id,!E=2e`24!
HP!Dictyostelium!discoideum,!35%!id,!E=3e`24!
scaffold10755_2! 17556! HP!Amphimedon!queenslandica,!32%!id,!E=0!
HP!Salpingoeca!rosetta,!26%!id,!E=0!
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HP!Monosiga!brevicollis,!26%!id,!E=0!
HP!Aureococcus!anophagefferens,!28%!id,!E=0!
HP!Phytophthora!sojae,!29%!id,!E=2e`12!
hemolysin`type!calcium`binding!domain`containing!
protein,!Nitrosomonas!europaea,!22%!id,!E=2e`06!
HP!Acinetobacter!guillouiae,!22%!id,!E=0.025!
scaffold16550_1! 17211! HP!Nematostella!vectensis,!26%!id,!E=0!
HP!Capsaspora!owczarzaki,!26%!id,!E=3e`60!
HP!Crassostrea!gigas,!24%!id,!E=2e`56!
HP!Branchiostoma!floridae,!25%!id,!E=2e`54!
HP!Saccoglossus!kowalevskii,!24%!id,!E=4e`54!
scaffold6500_1! 17019! HP!Amphimedon!queenslandica,!26%!id,!E=1e`117!
HP!Naegleria!gruberi,!26%!id,!E=2e`98!
HP!Polysphondylium!pallidum,!27%!id,!E=1e`84!
HP!Dictyostelium!purpureum,!24%!id,!E=3e`80!
AAA+!ATPase,!core!domain`containing!protein,!
Dictyostelium!discoideum,!26%!id,!E=1e`79!
scaffold2268_1! 15030! cadherin!1,!Oscarella,!52%!id,!E=0!
HP!protocadherin!Fat!4!isoform!X1,!Ochotoma!
princeps,!28%!id,!E=0!
HP!protocadherin!Fat!4`like,!Echinops!telfari,!28%!
id,!E=0!
HP!protocadherin!Fat!4`like,!Chrysochloris!asiatica,!
28%!id,!E=0!
HP!protocadherin!Fat!3`like,!Lepisosteus!oculatus,!
28%!id,!E=0!
scaffold12572_1! 12006! HP!fibrillin`2`like,!Strongylocentrotus!purpuratus,!
45%!id,!E=0!
HP!fibrillin`2`like,!Saccoglossus!kowalevskii,!42%!id,!
E=0!
HP!Branchiostoma!floridae,!44%!id,!E=0!
HP!Capitella!teleta,!45%!id,!E=0!
HP!Trichoplax!adhaerens,!41%!id,!E=0!
scaffold2201_1! 11781! HP!Amphimedon!queenslandica,!31%!id,!E=9e`117!
HP!Naegleria!gruberi,!25%!id,!E=4e`101!
HP!Polysphondylium!pallidum,!26%!id,!E=1e`88!
AAA+!ATPase,!core!domain`containing!protein,!
Dictyostelium!discoideum,!24%!id,!E=8e`74!
HP!Dictyostelium!purpureum,!24%!id,!E=5e`73!
scaffold12114_1! 11343! HP!Nematostella!vectensis,!29%!id,!E=0!
HP!Branchiostoma!floridae,!24%!id,!E=4e`63!
Protein!jagged`2,!Crassostrea!gigas,!26%!id,!E=4e`
58!
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HP!Saccoglossus!kowalevskii,!23%!id,!E=4e`53!
HP!Capsaspora!owczarzaki,!24%!id,!E=6e`48!
scaffold6991_1! 10044! HP!leucine`rich!repeat!receptor!protein!kinase!EXS`
like,!Oryza!brachyantha,!32%!id,!E=0.38!
HP!Branchiostoma!floridae,!28%!id,!E=0.65!
HP!Tribolium!castaneum,!29%!id,!E=1.2!
HP!Vitis!vinifera,!29%!id,!E=5.3!
HP!Oryza!sativa!Japonica!group,!28%!id,!E=7.4!!
B.#intermedia# ! !
C3217962_1! 21600! HP!Amphimedon!queenslandica,!39%!id,!E=0!
HP!Monosiga!brevicollis,!25%!id,!E=0!
HP!Salpingoeca!rosetta,!24%!id,!E=6e`171!
HP!Aureococcus!anophagefferens,!24%!id,!E=8e`30!
HP!Phytophthora!sojae,!28%!id,!E=9e`11!
scaffold13751_1! 14028! HP!Amphimedon!queenslandica,!38%!id,!E=0!
HP!Monosiga!brevicollis,!26%!id,!E=0!
HP!Salpingoeca!rosetta,!25%!id,!E=0!
HP!Aureococcus!anophagefferens,!27%!id,!E=1e`26!
HP!Phytophthora!infestans!31%!id,!E=2e`05!
hemolysin`type!calcium`binding!domain`containing!
protein,!Nitrosomonas!europaea,!23%!id,!E=2e`04!
scaffold13750_1! 14028! HP!Amphimedon!queenslandica,!38%!id,!E=0!
HP!Monosiga!brevicollis,!26%!id,!E=0!
HP!Salpingoeca!rosetta,!25%!id,!E=0!
HP!Aureococcus!anophagefferens,!27%!id,!E=1e`26!
HP!Phytophthora!infestans!31%!id,!E=2e`05!
hemolysin`type!calcium`binding!domain`containing!
protein,!Nitrosomonas!europaea,!23%!id,!E=2e`04!
C3217952_1! 12969! HP!Amphimedon!queenslandica,!38%!id,!E=0!
HP!Monosiga!brevicollis,!25%!id,!E=3e`155!
HP!Salpingoeca!rosetta,!25%!id,!E=5e`141!
HP!Aureococcus!anophagefferens,!26%!id,!E=1e`20!
HP!Phytophthora!parasitica,!27%!id,!E=4e`07!
*HP=hypothetical!protein!
!
!
!
!
!
!
!
!
!
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!!
!
Figure!1.!Distribution!of!long!ORFs!in!Porifera.!
!
!
Table&5.&General&properties&of&hypothetical&large&proteins&in&Porifera.&
LORFs& Length&
(bp's)&
No.&of&
Amino&
Acids&
MW& Theoretical&
pI&
No.&(A)ly&
charged&
residues&
(Asp+Glu)&
No.&(+)ly&
charged&
residues&
(Arg+Lys)&
Atomic&
composition&
Instability&
index&
Aliphatic&
index&
Grand&average&of&
hydropathicity&
(GRAVY)&
A.#
queenslandica#
& & & & & & & & & &
GL345217.1_1& 47841& 15497& 1757285.2& 4& 2138& 688& C,&77735&
H,&121747&
N,&19459&
O,&26113&
S,&329&
35.32&
(stable)&
98.38& I0.039&
GL345217.1_2& 45570& 15190& 1631776.9& 4.01& 1823& 658& C,&71441&
H,&113111&
N,&18505&
O,&24541&
S,&245&
32.27&
(stable)&
94.29& I0.006&
GL345217.1_6& 24027& 8009& 876779.4& 4.02& 1015& 337& C,&38711&
H,&60621&
N,&9809&
O,&13085&
S,&124&
34.83&
(stable)&
95.45& I0.083&
GL345217.1_4& 23127& 7709& & & 796& 264& & 34.16&
(stable)&
94.59& 0.065&
GL345145.1_2& 22767& 7589& 843536.5& 4.1& 1005& 346& C,&37436&
H,&58227&
N,&9391&
O,&12399&
S,&165&
34.73&
(stable)&
95.85& I0.112&
GL345217.1_3& 21294& 7098& 763293.3& 3.92& 878& 285& C,&33524&
H,&53170&
N,&8578&
O,&11487&
S,&97&
36.41&
(stable)&
99.92& 0.05&
80 
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GL345145.1_1& 18528& 6176& 678946.7& 4.05& 805& 284& C,&30017&
H,&47388&
N,&7590&
O,&10023&
S,&124&
35.25&
(stable)&
101.91& I0.013&
GL345136.1_1& 18405& 6135& 676007.5& 4.26& 807& 321& C,&30000&
H,&46303&
N,&7763&
O,&9793&
S,&112&
40.21&
(unstable)&
91.48& I0.195&
GL345217.1_5& 11997& 3999& & & 433& 135& & 30&(stable)& 90.08& 0.027&
O.#carmela# & & & & & & & & & &
scaffold10755_1& 22020& 7342& & & 872& 688& & 23.17&
(stable)&
90& I0.057&
scaffold8904_1& 17913& 5973& & & 813& 745& & 46.22&
(unstable)&
89.36& I0.234&
scaffold10755_2& 17556& 5854& & & 678& 432& & 30.56&
(stable)&
94.66& 0.022&
B.#intermedia# & & & & & & & & & &
C3217962_1& 21600& 7200& 765246.8& 4.56& 402& 268& C,&34103&
H,&54354&
N,&8710&
O,&10834&
S,&172&
31.60&
(stable)&
103.41& 0.289&
scaffold13751_1& 14028& 4676& & & 278& 186& & 31.43&
(stable)&
100.12& 0.271&
scaffold13750_1& 14028& 4676& & & 278& 186& & 31.43&
(stable)&
100.12& 0.271&
C3217952_1& 12969& 4323& 456716.4& 4.62& 236& 162& C,&20425&
H,&32612&
N,&5174&
O,&6428&
S,&100&
32.43&
(stable)&
104.95& 0.343&
*the&ProtParam&tool&(http://web.expasy.org/protparam/)&was&used&to&predict&the&properties&based&on&amino&acid&sequence.
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Table&6.&Structural&features&of&LORFs&in&Porifera&genomes.&
LORFs& Length&
(bp's)&
PROSITE&(PROSITE&Scan&
www.ebi.ac.uk)&
InterProScan&(http://www.ebi.ac.uk/)& Pfam&(http://pfam.xfam.org/)&
PfamIA&and&PfamIB&
A.#
queenslandica&
& & & &
GL345217.1_1& 47841& Signal&peptidases&I&signature&3& NON_CYTOPLASMIC_DOMAIN&
&
SIGNAL_PEPTIDE&
&&&SIGNAL_PEPTIDE_C_REGION&
&&&SIGNAL_PEPTIDE_H_REGION&
&&&SIGNAL_PEPTIDE_N_REGION&
&
SignalPInoTM&
no&match&found&
GL345217.1_2& 45570& DNA&polymerase&family&B&signature& parallel&betaIhelix&repeat& no&match&found&
GL345217.1_6& 24027& no&match&found& NON_CYTOPLASMIC_DOMAIN&
&
SIGNAL_PEPTIDE&
&&&SIGNAL_PEPTIDE_C_REGION&
&&&SIGNAL_PEPTIDE_H_REGION&
&&&SIGNAL_PEPTIDE_N_REGION&
&
SignalPITM&
SignalPInoTM&
no&match&found&
GL345217.1_4& 23127& no&match&found& Coils&
&
NON_CYTOPLASMIC_DOMAIN&
&
SIGNAL_PEPTIDE,&
&&&SIGNAL_PEPTIDE_C_REGION&
&&&SIGNAL_PEPTIDE_H_REGION&
&&&SIGNAL_PEPTIDE_N_REGION&
&
SignalPInoTM&
no&match&found&
GL345145.1_2& 22767& no&match&found& IgIlike&fold& IPTG/TIG&domains&
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Ig&EIset&
GL345217.1_3& 21294& 2Ioxo&acid&dehydrogenases&
acyltransferase&component&lipoyl&
binding&site&
&
Chitinases&family&18&active&site&
none&predicted& no&match&found&
GL345145.1_1& 18528& Eukaryotic&and&viral&aspartyl&
proteases&active&site&
none&predicted& no&match&found&
GL345136.1_1& 18405& no&match&found& GalactoseIbinding&domainIlike&
&
Proprotein&convertase,&P&
&
Cytoplasmic&domain&
&
Non_Cytoplasmic&domain&
&
TMhelix&
&
Transmembrane&domain&
Proprotein&convertase&PI
domain&
GL345217.1_5& 11997& no&match&found& Coils& no&match&found&
O.#carmela& & & & &
scaffold10755_1& 22020& no&match&found& unintegrated&signatures:&coil,&unnamed&families& no&match&found&
scaffold8904_1& 17913& EFIhand&calciumIbinding&domain&
&
VWFA&domain&profile&
(3&hits)&
vW&factor,&type&A&
&
unintegrated&signatures&I&coil,&vwa_2,&alpha&
kinase/elongation&factor&2&kinase,&alpha&protein&kinase&
vwka&
von&Willebrand&factor&type&A&
domain&
scaffold10755_2& 17556& 2Ioxo&acid&dehydrogenases&
acyltransferase&component&lipoyl&
binding&site.&
none&predicted& no&match&found&
B.#intermedia& & & & &
C3217962_1& 21600& no&match&found& none&predicted& no&match&found&
scaffold13751_1& 14028& 2Ioxo&acid&dehydrogenases&
acyltransferase&component&lipoyl&
none&predicted& no&match&found&
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binding&site&
scaffold13750_1& 14028& 2Ioxo&acid&dehydrogenases&
acyltransferase&component&lipoyl&
binding&site&
none&predicted& no&match&found&
C3217952_1& 12969& 2Ioxo&acid&dehydrogenases&
acyltransferase&component&lipoyl&
binding&site&
none&predicted& no&match&found&
&
LORFs& Length&
(bp's)&
SMART&
(http://smart.emblI
heidelberg.de/)&
NCBI&Conserved&Domains&vs&CDD&db&
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)&
Superfamily&(supfam.org)&
A.#
queenslandica&
& & & &
GL345217.1_1& 47841& signal&peptide&
&
low&complexity&regions&
&
parallel&betaIhelix&repeats&
(3)&
&
ankyrin&repeats&(4)&
no&match&found&
&
no&significant&hits&
GL345217.1_2& 45570& low&complexity&regions&
&
parallel&betaIhelix&repeats&
(9)&
&
internal&repeat&
no&match&found&
&
no&significant&hits&
GL345217.1_6& 24027& low&complexity&regions&
&
internal&repeats&
no&match&found&
&
no&significant&hits&
GL345217.1_4& 23127& low&complexity&regions&
&
internal&repeats&
no&match&found&
&
no&significant&hits&
GL345145.1_2& 22767& internal&repeats& IPT,&TIG&domains& Superfamily:&E&set&domains&
                                      84 
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&
low&complexity&regions&
&
IPT&
&
Family:&other&IPT/TIG&
domains,&of&sugarIutilizing&
enzymes&
GL345217.1_3& 21294& internal&repeats& no&match&found& no&significant&hits&
GL345145.1_1& 18528& internal&repeats& no&match&found& no&significant&hits&
GL345136.1_1& 18405& internal&repeats&
&
Pfam:&P_proprotein&
&
low&complexity&regions&
&
transmembrane&regions&
P_proprotein&super&family& Superfamily:&GalactoseI
binding&domainIlike&
&
Family:&Proprotein&
convertase&PIdomain&
GL345217.1_5& 11997& low&complexity&regions&
&
internal&repeat&
&
parallel&betaIhelix&repeat&
no&match&found&
&
no&significant&hits&
O.#carmela& & & & &
scaffold10755_1& 22020& internal&repeats&
&
low&complexity&regions&
no&match&found& no&significant&hits&
scaffold8904_1& 17913& low&complexity&regions&
&
coiled&coils&
&
von&Willebrand&factor&type&
A&domain&
von&Willebrand&factor&type&A&domain&
&
Superfamily:&vWAIlike&
&
Family:&Integrin&A&(or&I)&
domain&
&
scaffold10755_2& 17556& internal&repeats&
&
low&complexity&regions&
no&match&found& no&significant&hits&
B.#intermedia& & & & &
C3217962_1& 21600& internal&repeats&
&
no&match&found& no&significant&hits&
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low&complexity&region&
scaffold13751_1& 14028& & & &
scaffold13750_1& 14028& internal&repeats&(4)& no&match&found& no&significant&hits&
C3217952_1& 12969& parallel&betaIhelix&repeats&
&
low&complexity&regions&
no&match&found& no&significant&hits&
&
&
LORFs& Length&(bp's)& RADAR&
(http://www.ebi.ac.uk/Tools/pfa/radar/)&
A.#queenslandica& & &
GL345217.1_1& 47841& &
GL345217.1_2& 45570& &
GL345217.1_6& 24027& 64&repeats,&122&bps&
GL345217.1_4& 23127& 59&repeats,&121&bps&
GL345145.1_2& 22767& 55&repeats,&122&bps&
GL345217.1_3& 21294& 57&repeats,&122&bps&
GL345145.1_1& 18528& 48&repeats,&121&bps&
GL345136.1_1& 18405& 22&repeats,&148&bps&
GL345217.1_5& 11997& 30&repeats,&123&bps&
O.#carmela& & &
scaffold10755_1& 22020& 59&repeats,&121&bps&
scaffold8904_1& 17913& 2&repeats,&172&bps&
scaffold10755_2& 17556& 46&repeats,&118&bps&
B.#intermedia& & &
C3217962_1& 21600& 58&repeats,&122&bps&
scaffold13751_1& 14028& &
scaffold13750_1& 14028& 38&repeats,&124&bps&
C3217952_1& 12969& 35&repeats,&112&bps&
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Table&7.&Relative&amino&acid&composition&of&protein&sets&of&a)&organisms&(based&on&literature)&and&LORFs&of&sponges&b)&Amphimedon*
queenslandica,&c)&Oscarella*carmella,&and&d)&Baikalospongia*intermedia.&
Amino&Acid& 8&Archaea&
(Gilis&et*al.&
2001)&
22&Bacteria&
(Gilis&et*al.&
2001)&
5&
Eukaryotes&
(Gilis&et*al.&
2001)&
Last&
Universal&
Ancestor&
(Brooks&et*
al.&2002)&
8&modern&
species&
(Brooks&et*
al.&2002)&
134&
organisms&
(Itskovitz&&&
Alon&2007)&
72&Archaea&
(Moura&et*
al.&2013)&
961&
Bacteria&
(Moura&et*
al.&2013)&
53&
Eukaryotes&
(Moura&et*
al.&2013)&
1086&
Archaea,&
Bacteria,&
Eukaryotes&
(Moura&et*
al.&2013)&
Ala& 7.85& 8.08& 6.48& 10.61& 7.77& 8.20& 7.64& 9.19& 6.39& 8.95&
Arg& 5.92& 4.99& 5.24& 7.37& 6.27& 4.20& 5.31& 5.41& 5.01& 5.39&
Asn& 3.4& 4.63& 4.76& 3.49& 3.36& 4.40& 3.95& 4.11& 5.95& 4.19&
Asp& 5.47& 5.06& 5.31& 5.69& 5.42& 5.30& 5.58& 5.37& 5.59& 5.39&
Cys& 0.89& 1& 1.86& 0.3& 0.78& 1.10& 0.94& 0.97& 1.58& 1.00&
Gln& 1.9& 3.89& 4.28& 1.84& 3.15& 3.60& 2.17& 3.76& 3.90& 3.66&
Glu& 7.79& 6.35& 6.64& 7.91& 8.59& 6.50& 7.56& 6.17& 6.71& 6.29&
Gly& 7.49& 6.7& 5.88& 8.44& 7.3& 6.90& 7.30& 7.22& 5.48& 7.14&
His& 1.7& 2.07& 2.41& 2.87& 1.92& 2.10& 1.64& 2.08& 2.28& 2.06&
Ile& 7.59& 7.05& 5.48& 7.48& 6.66& 6.80& 7.69& 6.57& 6.20& 6.62&
Leu& 9.65& 10.52& 9.35& 6.93& 8.91& 10.10& 9.69& 10.24& 9.23& 10.16&
Lys& 6.04& 6.43& 6.3& 6.06& 7.76& 6.00& 6.26& 5.49& 6.77& 5.60&
Met& 2.49& 2.19& 2.33& 2.12& 2.41& 2.30& 2.33& 2.39& 2.15& 2.37&
Phe& 4& 4.57& 4.2& 2.26& 3.61& 4.30& 3.94& 4.12& 4.12& 4.11&
Pro& 4.43& 3.99& 5.15& 4.59& 4.35& 4.30& 4.22& 4.30& 4.40& 4.30&
Ser& 5.93& 6.18& 8.5& 4.69& 4.66& 6.50& 5.95& 6.09& 8.38& 6.19&
Thr& 4.77& 5.15& 5.57& 5.94& 4.87& 5.30& 5.09& 5.32& 5.47& 5.31&
Trp& 1.03& 1.1& 1.13& 0.45& 1.02& 1.10& 1.03& 1.18& 0.98& 1.16&
Tyr& 3.68& 3.23& 3.03& 1.47& 3& 3.30& 3.84& 3.07& 3.46& 3.14&
Val& 7.97& 6.87& 6.09& 9.5& 8.17& 6.90& 7.86& 6.96& 5.93& 6.97&
&
&
&
&
&
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Amino&Acid& Amphimedon*
queenslandica*
GL345217.1_1& GL345217.1_2& GL345217.1_6& GL345217.1_4& GL345145.1_2& GL345217.1_3& GL345145.1_1& GL345136.1_1&& GL345217.1_5&
Ala& & 4.20& 6.10& 4.70& 6.00& 3.5& 6.1& 3.5& 3.7& 5.3&
Arg& & 2.70& 2.80& 2.60& 2.30& 2.8& 2.6& 2.9& 3.7& 2.1&
Asn& & 7.50& 7.60& 8.10& 6.90& 7.7& 7.5& 7.6& 7.2& 6.7&
Asp& & 8.90& 8.20& 8.50& 6.80& 8.5& 8.5& 8.6& 7.7& 7.7&
Cys& & 0.30& 0.40& 0.30& 0.30& 0.4& 0.4& 0.3& 0.8& 0.4&
Gln& & 2.70& 3.00& 2.90& 3.30& 2.6& 3.2& 2.7& 2.6& 3.1&
Glu& & 4.50& 3.80& 4.20& 3.50& 4.7& 3.8& 4.4& 5.4& 3.2&
Gly& & 3.70& 4.80& 3.90& 4.80& 4& 4.4& 4.1& 6.1& 3.9&
His& & 1.00& 0.60& 1.00& 0.70& 1.4& 0.5& 1& 1.7& 0.8&
Ile& & 7.70& 7.00& 7.20& 7.10& 7.8& 7.6& 8.3& 7.4& 7&
Leu& & 11.60& 10.70& 11.40& 11.30& 11.2& 11.6& 12.1& 9& 10.4&
Lys& & 1.70& 1.50& 1.60& 1.10& 1.8& 1.5& 1.7& 1.6& 1.3&
Met& & 1.80& 1.30& 1.30& 1.10& 1.8& 1& 1.7& 1.1& 0.8&
Phe& & 4.40& 5.00& 4.50& 4.50& 4.2& 4.8& 4.2& 3.4& 4.7&
Pro& & 3.90& 3.70& 4.30& 4.10& 4.3& 3.6& 4.2& 6.1& 4.2&
Ser& & 11.30& 12.20& 11.10& 13.10& 10.2& 12.3& 11.5& 10.4& 11.9&
Thr& & 11.90& 12.80& 12.60& 11.40& 12& 12.1& 11.4& 8.5& 11.4&
Trp& & 0.20& 0.10& 0.10& 0.00& 0.4& 0& 0.2& 0.8& 0.1&
Tyr& & 3.60& 2.00& 3.40& 2.20& 4.3& 2& 3& 4.6& 2.4&
Val& & 6.50& 6.60& 6.30& 5.70& 6.3& 6.6& 6.5& 8.1& 5.8&
&
&
Amino&Acid& Oscarella*carmela* Oca_scaffold10755_1& Oca_scaffold8904_1& Oca_scaffold10755_2&
Ala& & 9.3& 6.5& 7.7&
Arg& & 1.7& 4.7& 2.1&
Asn& & 4.9& 3.7& 5.9&
Asp& & 7.9& 5& 7.4&
Cys& & 0.3& 2.5& 0.6&
88 
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Gln& & 2.2& 4.1& 2.6&
Glu& & 4& 8.6& 4.2&
Gly& & 5.3& 4.3& 5.3&
His& & 0.3& 1.6& 0.4&
Ile& & 4.6& 5.2& 5.2&
Leu& & 10.5& 11.6& 11.1&
Lys& & 7.7& 7.8& 5.3&
Met& & 1.4& 2& 1.5&
Phe& & 4.5& 5.4& 4.6&
Pro& & 2.4& 3.3& 3.1&
Ser& & 11.1& 10.3& 12.4&
Thr& & 12.6& 4.4& 10.7&
Trp& & 0.1& 0.9& 0.1&
Tyr& & 1.3& 2& 1.4&
Val& & 7.5& 6.1& 8.1&
&
&
Amino&Acid& Baikalospongia*intermedia* bs550_C3217962_1& bs550_scaffold13751_1& bs550_scaffold13750_1& bs550_C3217952_1&
Ala& & 7.2& 7.3& 7.3& 7.7&
Arg& & 2.1& 1.9& 1.9& 1.9&
Asn& & 8.2& 7.7& 7.7& 7.5&
Asp& & 4.5& 4.8& 4.8& 4.4&
Cys& & 0.5& 0.4& 0.4& 0.4&
Gln& & 4.1& 4& 4& 3.7&
Glu& & 1& 1.1& 1.1& 1.1&
Gly& & 5.3& 5.1& 5.1& 5.3&
His& & 0.3& 0.4& 0.4& 0.4&
Ile& & 6.5& 6.5& 6.5& 6.8&
Leu& & 12.1& 11.3& 11.3& 12.1&
Lys& & 1.7& 2& 2& 1.9&
Met& & 1.9& 2.1& 2.1& 1.9&
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Phe& & 4.6& 5.1& 5.1& 4.6&
Pro& & 4.8& 4.6& 4.6& 5.5&
Ser& & 12& 12& 12& 12.5&
Thr& & 11.9& 11.7& 11.7& 11.4&
Trp& & 0.1& 0.2& 0.2& 0.1&
Tyr& & 3& 3.4& 3.4& 2.6&
Val& & 8.2& 8& 8& 8.2&
                                 90 
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!
!
Figure! 2.! Relative! amino! acid! composition! of! protein! sets! of! organisms! (based! on!
literature)! and! LORFs!of! sponges!Amphimedon*queenslandica,!Oscarella* carmella,! and!
Baikalospongia*intermedia.!
!
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d)!
!
!
Figure!3.!RNA!Expression!of!LORFs!in!Porifera.!Sequence!alignment!of!the!41,943Iamino!
acid! hypothetical! protein! from! Amphimedon* queenslandica! (datasets! available! in!
www.compagen.org):! a)! blastp! vs! Ephydatia* muelleri! RNAIseq! associated! protein!
models,!b)!blastp!vs!Leucosolenia*complicata!protein!translations!from!transcriptome,!c)!
blastp!vs!Oscarella*carmela!RNAIseq!associated!protein!models,!and!d)!blastp!vs!Sycon*
ciliatum!protein!translations!from!transcriptome.!
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CHAPTER!4!
GENERAL!CONCLUSIONS!
!
Previous! limited! information! about! the! diversity! of! microbial! communities!
associated!with! freshwater! sponges! led! to! the! assumption! that! these! sponges! harbor!
less! diverse! microbes! compared! to! marine! sponges.! The! use! of! high! throughput!
sequencing! to! gain! better! insight! into! the! diversity! of! microbiomes! of! freshwater!
sponges! Baikalospongia* intermedia* profundalis! and! Lubomirskia* baicalensis! revealed!
that! these! sponges! also! harbor! diverse! archaeal! and! bacterial! species.! Different!
methodologies!to!study!sponge!microbiomes!can!also!present!different!perspectives!on!
the!estimate!of!diversity!of!sponge!microbial!communities.!It!was!also!observed!that!the!
host! sponge! and! collection! depth! can! both! influence! the! diversity! of! microbes!
associated! with! Lake! Baikal! sponges.! Deeper! OTU! sampling! and! analysis! of! more!
treatments! (i.e.! use! of! the! same! sample! or! species! at! the! same! depth)! could! further!
verify!the!observed!trend.!
Significant! differences! in! mean! protein! length! can! be! observed! in! Archaea,!
Bacteria,! and! Eukarya! such! that! eukaryotic! proteins! are! significantly! longer! than!
bacterial! and! archaeal! proteins.! Despite! several! constraints! to! maintain! protein! size,!
organisms! still! maintain! and! express! unusually! large! proteins.! Several! examples! of!
unusually! large! proteins! from! literature! as! well! as! from! genomes! of! sponges!
Amphimedon* queenslandica,! Oscarella* carmela,! and! Baikalospongia* intermedia! were!
presented.!While! baseline! in* silico! characterization!was! done! to! gain! insight! into! the!
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large! open! reading! frames! in! Porifera,! a! more! extensive! computational! and! in* vivo!
functional!analysis!will!give!more!substantial!clues!to!the!biological!significance!of!these!
proteins.!Further!study!on!the!choanoflagellateI!and!spongeIspecific!large!ORFs!will!also!
potentially!lead!to!a!deeper!understanding!of!gene!evolution!in!metazoans.!
!
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